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INTRODUCTION

It was established about fifty years ago that some kind of ''radiation' is
constantly arriving at the earth from outer space. This radiation, known as
cosmic radiation, is highly penetrating and can even pass through thick
layers of lead.

The discovery of cosmic rays came as a result of studies of the dark
current in ionization chambers. As early as the beginning of the present
century, it was found that a current (the so-called dark current) exists in an
ionization chamber even in the absence of any artificial sources of ion-
ization. The presence of this current in ionization chambers located
near the earth's surface could have been due to radioactive impurities in
objects in the vicinity of the chamber. Therefore, the extraterrestrial
origin of a certain part of the dark current was demonstrated only after
balloon experiments were carried out. The current generated in an
ionization chamber by the radioactivity of the earth or various terrestrial
objects would have to decrease in proportion to the distance of the chamber
from the earth's surface. However, as it turned out, the ionization current
diminished with height only up to low altitudes, after which it began to
increase. For example, in experiments carried out in 1914, when a height
of 9 km was attainable, the ionization at this altitude was found to be about
ten times that at sea level. It is true that even after these experiments
cosmic rays were still thought by some to have a terrestrial origin; for
instance, they were associated with thunderstorms and with the radio-
activity of the upper layers of the atmosphere. However, all these
hypotheses finally had to be abandoned.

Because of the great penetrating power of cosmic rays, they were at
first thought to be a variety of v - radiation. Lateritwasascertained that the
primary cosmic radiation includes charged particles. This was established
using the magnetic field of the earth, since a charged particle moving in
this field becomes deflected. Thus, the flux of primary cosmic rays (that
is, the rays entering the earth's atmosphere) depends on the geomagnetic
latitude of the observation point. In the atmosphere the primary cosmic
rays produce secondary particles, and only the latter are observed at the
earth. The dependence of the secondary flux on the geomagnetic latitude,
however, indicates that charged particles are present in the primary flux.
For a long time the direct investigation of the primary cosmic rays was
almost impossible, due to the difficulty of getting measuring equipment up
to high altitudes. The lack of reliable data on primary cosmic rays thus
precluded a determination of their origin, so that the origin of cosmic rays
remained an open question for many vears.

The situation did not change substantially even after it was demonstrated
that primary cosmic rays consist mostly of protons and the nuclei of
various elements (the presence of nuclei was established in 1948). The



point is that cosmic rays have an isotropic distribution, that is, they arrive
at the earth uniformly from every direction. Consequently, a study of these
rays does not afford any direct information concerning the place where the
radiation sources are located. In order to see better how the isotropy of
cosmic radiation hinders a solution of the problem of its origin, let us
imagine that the optical radiation of all the celestial bodies is blended
together and then an attempt is made to analyze it. In such a case, instead
of studying the spectrum and intensity of the luminous emission of individual
stars and nebulae, it would be necessary to consider the characteristics of
the radiation from all such objects, together with the ones in question.
Clearly, under such conditions almost nothing would remain of what we
know as astrophysics. Analogously, the information on primary cosmic
rays pertains equally to all the radiation sources.

Is it possible in general to obtain information on the cosmic rays in
various regions of the universe far away from the earth? Quite recently it
would still have been necessary to answer this question in the negative.
However, as has more than once been the case in the history of physics and
astronomy, the situation has undergone a rapid and radical change as a
result of certain discoveries made in a completely different field. The
field referred to is radio astronomy, which began to be developed intensive-
ly after 1945. Between the years 1950 and 1953 it was established that most
of the radio emission arriving at the earth from space is generated by
cosmic rays (more precisely, by the electron component of cosmic rays).
An analysis of the cosmic radio emission gave us an indication of certain
characteristics of cosmic rays not only in our own stellar system, the
Galaxy, but also far beyond its limits as well. The development of radio
astronomy, together with the recognition of the relation between cosmic
radio emission and cosmic rays, have led to the following result: the
question of the origin of cosmic rays and the determination of their
properties in different regions of the universe are now important topics in
astrophysics. In this respect it has been possible, just as in the solution of
other astrophysical problems, to take the observational data as a basis and
to carry out an analysis using all the various information obtained by
different methods. Cosmic rays are of interest not only as an independent
object of study. In addition they have been found to play a substantial role
in the dynamics of the interstellar medium and supernova shells, as well as
being one of the main factors determining the evolution of galaxies.

The radio-astronomical method of studying cosmic rays far away from
the earth is the most important method, but it is not the only one possible.
Recently it was found that definite, and in some cases extremely valuable,
information on cosmic rays can also be obtained using the new sciences of
gamma-ray and x-ray astronomy. Moreover, even classical optical
astronomy provides cosmic-ray information for a number of astronomical
objects.

The techniques and the results of some studies of primary cosmic rays
will be described below. First, however, let us make two additional
remarks concerning the presant stage in the development of the astro-
physics and physics of cosmic rays.

The appearance of a number of new methods {such as radio astronomy,
gamma-ray and x-ray astronomy, the study of primary cosmic rays near
the earth, neutrino astronomy, and some others) did not just represent an
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important step forward in the development of astronomy; rather, it led to
an actual revolution in astronomical research. As recently as twenty years
ago, earth-based optical telescopes still had a monopoly on astronomical
observations. Such telescopes can pick up cosmic electromagnetic radiation
lying just in the approximate range from 0.3 micron to several microns.
Now, on the other hand, it is possible to pick up (and this is actually already
being done) waves with lengths ranging from hundreds of meters and even
kilometers down to billionths of a micron. This fact, together with the
possibility of recording cosmic rays and neutrinos and the possibility of
studying interplanetary space directly using rockets, has widened to a
colossal degree those channels via which information concerning the Universe
comes to us. In this small book, however, we will only be able to dxscuss
astronomical problems directly related to cosmic rays. *

Studies of the primary cosmic rays near the earth (the measurements
being made using balloons, rockets, and satellites) have traditionally been a
part of cosmic-ray physics rather than astronomy. The field of cosmic-ray
physics has almost always been distinguished by two main trends. The first
of these is the use of cosmic rays to study elementary particles and their
interactions at high energies. This actually involves a utilization of favor-
able opportunities for observing high-energy particles. These opportunities
have been utilized very successfully; positrons, put, n*, and Kmesons, and
also some hyperons, were all discovered in cosmic rays. The study of
such particles is so important that, for a long time (especially from 1929 to
about 1955 or 1956), elementary-particle research was the main aspect of
cosmic-ray physics. However, the situation changéd considerably when
powerful accelerators were developed. In the energy range attainable with
accelerators (up to 3:10!° ev), cosmic rays are not in general a better
means of studying elementary particles. Consequently, the emphasis of the
first trend in cosmic-ray physics (usually called the nuclear-physical trend)
has been shifted into the range of energies above 3- 10!% ev. The maximum
energy which has been recorded in cosmic rays is about 102° ev. Thus it is
quite obvious that cosmic rays will probably continue to be a useful tool for
purely physical research for a very long time to come. **

Nevertheless, the relative importance of elementary-particle research
in cosmic-ray physics has undoubtedly diminished considerably. Thus, in
recent years, the second trend in cosmic-ray physics (namely the study of

® Some results and developmental tendencies in astrophysics are discussed in a paper by the author:

Sovremennaya astrofizika (Modern Astrophysics). — In Sbornik: Nad chem dumayut fiziki, No. 6,
Astrofizika, Izdatel'stvo Nauka. 1967.
Energies which are about one billionth of the maximum energies of cosmic~ray particles are now
attainable with accelerators. In the next few years it will hardly be possible to build accelerators
producing particles with energies greate: than 3 - 10" ev, It is true that using the so-called crossing-
beam method (which however involves certain major difficulties) it is actually possible to study the
collisions of particles with energies E'=2(E/Mc?)?Mc?, where E is the energy of the particles in each
of the beams, the rest mass of the particles being M. However, for electrons, even when
E=510° ev, the energy £’ = 10™ ev, for protons, when E = 3-10° ev, the energy E'=2-10% ev.
The use of cosmic rays to study the structure of matter has been discussed in the following popular
books: DOBROTIN, N.A. Kosmicheskie luchi (Cosmic Rays), — Izdatel'stvo AN SSSR. 1963;
ZHDANOV, G.B. Chastjtsy vysokikh energii (High-Energy Particles), — Izdatel'stvo Nauka., 1965; and
ROSSI, B. Cosmic Rays.— McGraw-Hill., 1964,

"o
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the geophysical and astrophysical aspects of cosmic rays) has begun to
become the major one. At present the number of works on the geophysical
and astrophysical aspects of cosmic rays has risen to considerably more
than half of all the studies devoted to cosmic rays. The subjects of these
works are:

primary cosmic rays near the earth (chemical composition, energy
spectrum, lateral distribution); here only cosmie rays of nonsolar origin
are referred to;

solar cosmic rays, their generation, earthward motion, and effect on the
earth's ionosphere;

the effect which the interplanetary medium and the interplanetary
magnetic fields have on cosmic rays (of both solar and galactic provenance):
high-latitude cutoff and various changes in cosmic rays both near the earth
and throughout the solar system;

the radiation belts near the earth and other planets.

Launchings of artificial satellites and space probes, together with the
general progress in geophysics and solar physics, have led to the appear-
ance of a large number of works on all the above subjects. These various
studies are all interrelated, and in addition they are related to other
scientific fields as well (solar physics, the physics of interstellar and inter-
planetary space, particle-acceleration theory, radio astronomy, etc.).

The field of research which may be called the astrophysics of cosmic
rays includes all the information which has been gathered on cosmic rays
near the earth and in the universe as a whole, together with any other
relevant astronomical and physical data and all relevant theoretical
considerations. The purpose of this book will be to describe the present
state of this field of study. *

* More detailed descriptions of the astrophysics of cosmic rays will be found in the monograph:
GINZBURG,V.L. and S.I. SYROVATSKII. Proiskhozhdenie kosmicheskie luchi (The Origin of Cosmic
Rays). — Izdatel'stvo AN SSSR. 1963, and in the following papers by the same authors, published in the
journal Uspekhi Fizicheskikh Nauk: Vol. 84, p.201. 1964; Vol. 87, p. 65, 1965; Vol. 88, p,485, 1966.
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Chapter 1

PRIMARY COSMIC RAYS NEAR THE EARTH

A column of the earth's atmosphere 1 cm? in area has a mass of about
1kg. From the point of view of the penetration through it of various types
of radiation, such an air filter is equivalent to a water layer 10 meters in
thickness. The mean free paths of the particles making up primary cosmic
rays are less than 1 meter of water (that is, less than 100 g/cm?).
Consequently, the atmosphere serves as a thick filter for primary cosmic
rays, and it is practically impossible for these rays to reach the earth's
surface. Even up on high mountains the situation is essentially the same,
and the primary particles constitute only a small fraction of the total
cosmic-ray flux. Thus, primary cosmic rays (and only the primaries will
be of interest to us here)canbe studied solely by means of sounding balloons,
high-altitude aircraft, rockets, and artificial satellites. So far,
sounding balloons have been the main tool used for such research, but an
ever-increasing use of satellites and rockets in the future is to be expected.

The photoemulsion method is usually used to determine the chemical
composition of the primaries, but Cerenkov counters can also be employed.
It is important to note that the nuclei in cosmic rays are ''bare'’ nuclei,
which have no orbital electrons. In this case both the ionization strength
and the Cerenkov-radiation intensity, other conditions being equal, are
proportional to Z?, where Z is the atomic number of the nucleus. Nuclei
v&vrith different Z will have different tracks in an emulsion (Figure 1). Ina
Cerenkov counter (Figure 2), different nuclei can be distinguished according
to the intensity of the burst of Cerenkov radiation.

The energy spectrum of the cosmic radiation {number of particles as
functionof particle energy) is determined according tothe lateral distribu-
tion of the cosmic-ray flux. The use of this method is limited to energies
below about 15 Bev for protons and below about 7.5 Bev/nucleon for nuclei. *

* Let us explain briefly why there is such a difference between the energy limits for protons and nuclei.
The frequency of revolution of a particle with a charge eZ, a total energy £, and a mass M, moving

2
in a magpetic field of intensity H, is o = eﬁi—l A';C . The radius of curvature of the corresponding

particle trajectory if the particle velocity o is normal to the field H.is r=v/wy = Ry/H . The

quantity R, = _’1;__: UZE is called the magnetic rigidity (p=vE/c? is the particle momentum). For
P eZc
02

112
ultrarelativistic particles v/c=1(that is, p “>> Mc, T/IEc—ﬂ = (1 — 'cT) >> 1) and the radius r=EfeZH. In
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FIGURE 1. Tracks of relativistic nuclei with different z in photo-
emulsion, As seen, higher Z corresponds to a heavier track.

the latter case, if r is measured in cm, E in ev, and H in oersteds,

(1)

where E=Ag, A being the atomic weight and £ being the total energy per nucleon.

The probability of a particle reaching the earth is obviously determined by the radius of curvature of
its trajectory in the earth’s magnetic field, For protons 4/Z=1, and for nuclei A/Z=2 (the nuclei of tritium
and Hej constitute exceptions). Therefore, the earth's magnetic field, which prevents protons with £<15
Bev from reaching the equator (in a vertical direction), does not keep cosmic-ray nuclei with energies
e> 7.5 Bev/nucleon from reaching the equator.



At higher energies the energy spectrum may be determined according to the
number of particles with some given energy, as recorded on emulsions.
This method provides a certain amount of information up to energies of
around 102 to 10!3 ev (103 to 10 Bev). For energies even higher than these,
cosmic rays are studied almost exclusively in extensive air showers (this
will be discussed below).

FIGURE 2. Cerenkov counter: a) transparent plastic detector; b) photo~
multiplier.

A fast charged particle penetrating the detector emits light (Vavilov—éerenkov
effect), which is recorded via the phoromultiplier.

Studies of primary cosmic rays consist in determining their composition
(the number of particles with different charges and masses), the energy
spectrum of particles of different types, and the lateral (or, more
precisely, angular) distribution. No complete solutions have as yet been
found for any of these problems, but studies are being carried out by many
groups in various countries and progress is certain to be rapid. Some
basic results which are believed to be more reliable will be given below.

CHEMICAL COMPOSITION

Unfortunately, the charge oneach givennucleus (as observed, for example,
in a photographic emulsion) can only be determined very approximately.
Moreover, when the measurements are made using balloons, there is still
a layer of air several g/cm? thick above the equipment. For instance, in
one of the measurements with the most favorable conditions, this layer was
2.7 g/cm? (the height of ascent was a little over 40km). Usually, though,
such measurements are made at lower altitudes (layer thickness from 5 to
10g/cm?). Nuclei are already being studied using satellites, but the
determination of the chemical composition of cosmic rays from satellite
measurements is also associated with certain difficulties (use of a photo-
graphic method requires "'recovery' of the photographic plates, while if
Cerenkov counters are employed quite thick detectors are necessary). When
there is alayer of matter over the measuring equipment, some of thenuclei
recorded using an emulsion (or any other method) will be secondary; these
are produced, for example, in the air above the equipment. Finally, in



order to obtain accurate enough values of Z, the tracks of a large number of
nuclei under the very same conditions must be studied. This is especially
difficult for rarely encountered elements. In view of the foregoing, it is
easy to see why the existing data on the chemical composition of primary
cosmic rays are still far from complete. To raise the statistical accuracy,
data are usually obtained for groups of nuclei, rather than for individual
particles. For example, the nuclei of lithium, beryllium, and boron (Z
from 3 through 5) make up the group of light nuclei ( L group). The nuclei
of carbon, oxygen, nitrogen, and fluorine (Z from 6 through 9) form the
group of medium nuclei (M group). Lastly, all nuclei with Z>>10 are
classified as heavy nuclei (# group). Sometimes nuclei with Z>>20 are
classified separately as very heavy nuclei (VH subgroup). Protons (p group)
and helium nuclei, or «-particles (« group), are considered separately from
the other nuclei.

Except for a small number of slow particles, existing methods do not
enable us to determine the atomic weights of cosmic-ray nuclei. In other
words, all the isotopes of a given element are measured together.
Therefore, strictly speaking, the p group includes protons, deuterons, and
tritium nuclei, while the = group includes He nuclei as well as He§ nuclei.
The flux I is determined for each of these groups, that is, the number of
particles incident upon a unit area per unit time per unit solid angle (per
steradian). In the following, / will be measured in particles/ m? ster sec.
It would be more accurate to call the quantity / the intensity or the flux in a
given direction, but the term 'flux" is more widely used. The total flux F
is obtained by integrating over the angles. For isotropic radiation, with
integration over a hemisphere,

F= f[cosﬁa’Q::tl.

The fluxes for the above-mentioned nuclei groups are listed in Table 1.
The mean atomic weight 4 for each group (3rd column of table) is
determined from the same experimental data used to find the fluxes. In all
cases the values given for / pertain to particles with total energies greater
than 2.5 Bev/nucleon. Jg/ indicates the number of nucleons in the cosmic-
ray flux.

The sixth column of Table 1 shows the ratio of the flux of nuclei in a
given group to the flux of nuclei in group /#; this ratio is also equal to the
ratio N/Ny of the concentrations of nuclei in the corresponding groups. Here
it is taken into account that, for an isotropic angular distribution of
particles, the concentration N=4a//o, where v is the particle velocity. For
the relativistic particles in question, it is accurate enough to set v=c=3-1010
cm/sec. The last two columns of the table show the ratios N/Ny (obtained
according to different data), characterizing the average abundances of the
elements in the universe (sun, stars, and interstellar space).

As the table shows, the chemical composition of cosmic rays has two
important characteristics. First, only a very small amount of the light
elements (lithium, beryllium, and boron) exists in nature. These elements
"burn up'' rapidly in the stars. In cosmic rays, however, the elements of
group L are about as abundant as the heavy elements (group #), that is,
about 10° times more abundant than the average for nature.



TABLE 1. Chemical composition of cosmic rays®

In universe
Nu- I N (average)
clear z a 1 Ky} i —\7; € N g
group NH
¥4 1 1 11300 1300 | 650 3360 6830
a 2 4 94 376 47 258 1040 _
L 35 10 20 20 1.0 1073 107°
M 6—9 14 6.7 93 33 2.64 10.1
H > 10 31 20 62 10 1 1
VH >20 51 05 25 026 0.06 0.05

® The chemical composition of the interstellar gas as a whole is
given by the numbers in the last two columns, which corre-
spond to different sets of existing data.

Second, cosmic rays are considerably richer in heavy and very heavy el-
ements, in comparison with the celestial bodies. Actually, in cosmic rays
there are approximately 700 protons and e-particles for every nucleus of
group H and about 2000 protons and a-particles for every nucleus of group
VH (the latter being mostly iron and chromium nuclei). On the other hand,
the average in the universe, according to different data, is 3600 to 8000
protons and a-particles per nucleus of group H and 60, 000 to 160, 000 pro-
tons and e-particles per nucleus of group vH. This means that, even if we
take the lower values of 3600 and 60,000, cosmic rays have five times as
many heavy elements and thirty times as many very heavy elements as the
sun, the stars, and the interstellar gas.

The presence of lithium, beryllium, and boron in cosmic rays can be
explained as follows. As cosmic rays move through interstellar space, the
nuclei of groups M and H become divided as a result of nuclear collisions
with the nuclei of atoms of the interstellar medium (mainly protons and
helium nuclei). Some of the products of these disintegrations are nuclei of
group L, which are therefore secondary. The very low abundances of these
nuclei in nature would lead us to assume that the same is true in the cosmic-
ray sources. Taking into account the relatively large number of L nuclei in
the cosmic rays near the earth, and assuming that all these nuclei are sec-
ondary, we may conclude that the cosmic rays come from far away. On the
average, they should have passed through a layer of matter from 2 to
10g/cm?thick. The average concentration of gas in our Galaxy is about 0.01
particles per cm3, corresponding to a density of 2 -10-2¢ g/cm3 (for more
details, see below). Thus the cosmic rays reaching the earth have, on the
average, traversed a distance of the order of 3-10%cm. A particle moving
at nearly the velocity of light will cover this distance in a time 7% .of the
order of 10'® sec~3- 102 years.

Only measurements of the number of all L nuclei taken together were
referred to above. This number is determined by the thickness of inter-
galactic gas traversed by the cosmic rays, a quantity which can be evalu-
ated from the above measurements (the previously mentioned uncertainty of




this thickness, from 2 to 10g/cm?, is explained by the inaccuracy of exis-
ting data on the probability that different nuclei will disintegrate to produce
Li, Be, and B atoms). Ii is interesting that a determination of the relative
composition of the group of L nuclei provides a direct evaluation of the
travel time 7T.,; of cosmic rays through interstellar space, * as well as
giving us more precise information on the thickness of the gas layer through
which the rays have passed. This is because one of the isotopes of berylli-
um is the radioactive isotope Beio, which, with a half-life of 3- 10° years,
changes into a Bi® nucleus. If the cosmic-ray "lifetime" 7. >3- 108 years,
then there will be more B nuclei in the cosmic rays than for T, < 3- 108
years (in the latter case most of the Bel® nuclei would not have had time to
change into B{® nuclei). Preliminary data obtained in this way indicate that
Te.r 25107 years, which does not contradict the value T; ~3- 108 years
given above.

Our Galaxy has a radjus of about R =3.10%2 to 5- 1022 cm =~ 30,000 to 50,000
light years. The distance traversed by cosmic rays (3. 102 cm) is consid-
erably greater than the radius of the Galaxy. Thus one might conclude that
cosmic rays come from regions located far beyond the limits of the Galaxy.
However, such a conclusion would be somewhat premature, since there are
magnetic fields in interstellar space which have intensities H ~10-6 to 10-5
oersted. The curvature radius of the trajectory of a proton with an energy
E=10 ey =10Bev (a typical value for cosmic rays) is r= £ /3004 ~3 - 1013 cm,
even in a very weak field of 1078 oersted, that is, it is negligibly small in
comparison with galactic dimensions. The configurations of the interstellar
magnetic fields determine the nature of the motion in the Galaxy of cosmic
rays with a low enough radius of curvature. A charged particle in a uniform
magnetic field moves along a helix, and its velocity along the field equals
the component v, of the total velocity v along the field. Therefore it may be
assumed that, as an average over a quite long period, a particle moves
rectilinearly through a uniform field with a velocity »,. However, if the
force lines of the field are bent so that they formarandom "bell," the par-
ticle will move along a complex trajectory; as a first approximation, this
trajectory can be assumed to lie along a line of force. Ifthe motionisinan
"entangled" magnetic field with a complex configuration, the movement of the
particle in any direction may be compared to molecular diffusion in a gas.

A diffusing molecule describes a complex trajectory, consisting of rectilin-
ear segments each equal in length to the mean free path (the distance be-
tween collisions of a given molecule with the atoms or molecules of the gas).
For motioninan irregular magnetic field, the role of the mean free path is
played by the characteristic distance ! over which the direction of the force
lines varies substantially (Figure 3). Finally, the analogy between diffusion
in a gas and motion in a magnetic field is a restricted one, and it will be of
sufficient accuracy only when a whole set of conditions are satisfied. It may
be assumed that in galactic magnetic fields these conditions are satisfied to

* Before, we evaluated 7¢,r, at about 3.10%years by dividing the path traversed (3+ 10%° cm) by the velocity of
light (c= 3- 10® cm/sec). Then, however, it was assumed that, even at the source, a cosmic ray does not
move through regions where the gas density is substantially higher than the average. Thus it is of
independent interest to evaluate Tc,r, according to data on the composition of the group of L nuclei.



a certain degree. * In all probability, the magnetic fields in the Galaxy as a
whole are very tangled. Thus the cosmic rays move along complex paths,
and most of them spend their entire "'lives' within the limits of the Galaxy.

Particle
trajectory

Force line of field
a b

FIGURE 3. a) Motion of molecules in a gas; b) motion of particle in mag-
netic field.

Now let us return to the problem of the chemical composition of cosmic
rays. One important conclusion follows from what was stated about the ori-
gin of L nuclei. Since these nuclei are products of the disintegration of
heavier nuclei, it is evident that there must be more heavy nuclei at the
cosmic-ray sources than near the earth. In other words, compared with
the composition near the earth, the chemical composition of the cosmic
rays at their sources is considerably richer in "very heavy' (VH) nuclei, at
the expense of protons, a-particles, L nuclei, and probably M and A nuclei
as well. There are two things which could account for this. First of all,
the cosmic-ray sources may in general be very rich in hydrogen, helium,
and the other light and intermediate elements. This possibility cannot be.
rejected categorically, but it is the less probable one (the chemical compo-
sition of the sources need not, of course, be the same as the average com-
position of the material in the universe, but there is no known convincing
evidence that it is radically different). The more likely possibility is that
heavy nuclei are accelerated more efficiently than light nuclei in the cosmic-
ray sources. The mechanism of the prevailing type of acceleration of heavy
nuclei is known, and it'will be discussed below. Consequently, this prevail-
ing acceleration of heavy particles, together with certain properties of the
chemical compositon of the gas in the sources, probably explains the ob-
served cosmic-ray composition.

Aside from the data for groups of nuclei, some interesting data are now
available on certain specific nuclei. For example, there are more carbon

* The successful application of the diffusion approximation depends on the following fact: in reality the

particle trajectory is not "attached” firmly to the lines of force, A gradual transition from one line of
force to another takes place, first because of the so-called "drift" in a nonuniform field, and second
because under the conditions in the Galaxy a magnetic field constantly varies as a result of the galactic
rotation and the movement of clouds of interstellar gas, Consequently, the cosmic rays in the Galaxy
become mixed quite effectively, that is, their average motion is similar to that in the diffusion process.



nuclei in cosmic rays than oxygen nuclei, whereas, on the average, the
opposite is true for the universe as a whole. Moreover, the most important
of the VH nuclei are iron and chromium. The significance of independent
determinations of the amounts of Li, Be, and B within the L group has al-
ready been mentioned. as well as the fact that preliminary data in this
direction have been gathered. Finally, information on the isotopic content
of the helium in cosmic rays has been obtained recently. According to the
latest (and therefore most reliable) data, He3/(He®+ He?) =0.1 to 0.2 (unfor-
tunately, all these data pertain only to the low-energy range, from 80 to 350
Mev/nucleon). On the other hand, in nature He?, the light isotope of helium
(the Hed nucleus consists of two protons and one neutron), only amounts to,
onthe average, about 107 of all the helium; thus the natural helium is almost

all He!. Once the ratio He3/(He?+ He?) has been specified more accurately,
this information can be used for the same purposes as were the data for the
L nuclei.

When discussing the chemical composition of cosmic rays, we have es-
sentially referred to just the major portion of the cosmic rays, which have
energies below 102 to 1013 ev. Almost no reliable data are available on the
chemical composition of cosmic rays with energies higher than this.

In addition to nuclei, cosmic rays also contain electrons, and probably
positrons, v-rays, and neutrinos as well. These components of cosmic rays
will be discussed below.

ENERGY SPECTRUM. ISOTROPY OF COSMIC RAYS

The cosmic-ray flux in the range of kinetic energies &>1 Bev/nucleon
decreases monotonically and quite rapidly with a rise in energy (Figure 4).
Let us designate the flux of particles of atomic weight A and total energy*
(per nucleon) greater than e as {,(>¢). The energy spectrum can then be
represented approximately as )

(2)

K
[A(> B)z Eyfl,

where for protons and all nucleiy = 2.5+ 0.2 (according tootherdata, v =2.7+
+ 0.1). Spectrum (2)is called the integral spectrum. The differential spec-

trum 7,(e) =(y—1)Kae¥, since [,(>¢) = J'IA(e)a'e. For protons Kp= 5000 (ener-

gy & measured in Bev). Thus, in accordance with the data of Table 1, we
have: (I, > 2.5 Bev) = 1300 protons/m? ster sec. As mentioned above, the
total flux F=n/, so that approximately 4000 protons per m? per second ar-
rive at the earth. ** The fluxes of all the other particles are also easy to
obtain using formula (2) and Table 1.

* The total energy of a particle with a mass M is E=E,+Mc?=Aex+AMpc?, where M, is the mass of a proton
(the difference between the mass of a proton and that of a neutron is negligible). Obviously, e=ex+0.938
Bev, since for a proton Mpc?=0,938 Bev,

*» Particles with £=2.5 Bev can reach the earth just at quite high latitudes. Only protons with £> 15 Bev fall
vertically and reach the equator. Their total flux F~220 protons/mz sec.
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FIGURE 4, a) Total flux F = n/ of all cosmic rays with kinetic particle energies
greater than By (ev); b) flux /(> E) according to more recent data.

The energy spectra of cosmic rays with low energies and very high ener-
gies are of special interest. For example, for relatively "soft' particles
with kinetic energies e«< 1 Bev/nucleon, the spectrum is already not deter-
mined by expression (2). From the qualitative point of view, the change
takes place because the flux stops increasing with a decrease in energy.
This means that the curve (integral spectrum) for /(>e¢) reaches ''saturation'
(becomes horizontal), while the curve for /(e)(differential spectrum) passes
through a maximum for some energy ex, max <1 Bev/nucleon. This effect, an
absence of low-energy particles in the primary cosmic rays near the earth,
is called high-latitude cutoff of the spectrum: particles with ex<l Bev/nu-
cleon should reach the earth only in quite high latitudes. The magnitude of
£x, maxs aS well as the whole character of the high-latitude cutoff of the
spectrum, depends on the solar-activity cycle. During the period of mini-
mum solar activity, the high-latitude cutoff is less pronounced. Onthe other
hand, at times when the sun is most active, when many spots are visible on its
disk and gas flows, etc., are ejected, thehigh-latitude cutoff is very dis-
tinct. This fact leads us to conclude that the effect in question is caused by
magnetic fields in the solar system. Such fields are ''frozen into" the flow
of ""solar wind" (the stream of ionized gas ejected by the sun). Moreover,
it is also possible that there exists in the solar system a quasiregular mag-
netic field, produced by currents moving through the interplanetary gas in
the earth's orbital plane.

With respect to perturbations caused by the ''solar wind, "' it is too soon
to make any definite conclusions concerning the spectrum of low-energy
cosmicrays far from the solar system. Preliminary results indicate, however,
that for ex>108 ev/nucleon no maximum exists in the differential spectrum
of galactic cosmic rays. On the whole, the shape of the spectrum inthe low-
energy range is still unknown.

In addition to the high-latitude cutoff, the presence of magnetic fields in
the solar systen causes variations in the cosmic-ray intensity. These vari-
ations are latitude-dependent and also depend on the height of the observa-




tion point above sea level; in general they are determined by the solar activ-
ity. It has also been established that the sun sometimes emits cosmic rays,
mainly with comparatively low kinetic energies £«< (1 to 3)- 10% ev. These
particles fall only in the high latitudes; they were discovered in experi-
ments with sounding balloons and satellites. Several powerful "bursts' of
solar cosmic rays have also been recorded during the last twenty years.
The most intense of these bursts occurred on 23 February 1956. At the
time of this burst the cosmic-ray flux, even at the earth's surface (to say
nothing of that at great heights), jumped to several times its normal level.
For example, at Moscow the flux was four times as high; two hours after
the onset of the burst, the flux increase had already dropped to only 20%.
When other intense bursts were recorded, the peak flux at the earth in-
creased by some tens of percent.

The study of solar cosmic rays and the effect which solar activity has on
cosmic rays arriving from the Galaxy is now the subject of a research field
which is very closely related to solar physics and interplanetary physics. *

Whereas ''soft'" cosmic rays give information about the sun and the solar
fluxes, the study of very "hard" cosmic-ray particles is especially impor-
tant for ascertaining the role played by cosmic rays of extragalactic origin.
Unfortunately, it is quite difficult to make studies of cosmic rays with very
high energies, and relatively few results have been obtained so far. The
main reason for this is that the flux of high-energy particles is very small.
Let us use expression (2) to describe the flux of all cosmic rays, with K =
5000 andy = 2.5,and with the energy ¢ per nucleon replaced by the total
particle energy £. The fluxes of particles with energies E greater than 10%5,°
1077, and 10!? ev (that is, 105, 108 and 10! Bev) will then be, respectively,

1(E>10°Bev)=5-10"°% /(£ >10°Bev)=5-107".
[(E >10"Bev)=5-10"" particles/m? ster sec. (3)

There are about 3 - 107 seconds in a year, and a particle with an energy
greater than 1019 ev should arrive at any 1 m? of the earth's surface (from
all directions) on the average once every 2000 years! Actually, the flux of
particles with very high energies is considerably lower even than this, since
power law (2) is valid only within a limited energy range and the spectrum
falls more sharply with a rise in energy than according to (2) withy = 2.5
(the best data known to us givey = 3.1+0.1 for E> 101% ev; see also

Figure 4).

In spite of the foregoing, particles with energies as high as 10%° ev have
been detected. These were found during observations of extensive air show-
ers. Cosmic rays with energies above 10 to 10'% ev are only studied using
the method of extensive showers. Extensive showers are formed as follows.
A high-energy proton or nucleus entering the atmosphere collides with N and
O nuclei, producing a large number of high-energy particles (nucleons emit-
ted by the N and O nuclei, nucleon-antinucleon pairs, hyperons, K and n me-
sons). These particles in turn split up other nuclei or else decay (for ex-

® Such problems will not be treated here in greater detail. For further discussion of the subject, see
DORMAN, L.I. Variatsii kosmicheskikh luchei i issledovanie kosmosa (Cosmic-Ray Variations and Space
Research). —Izdatel'stvo Akademii Nauk SSSR. 1963.
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ample, n*—p*+v or pr—et+v+4v decays take place). + As a result of such a
cascade, an extensive shower containing an enormous number of particles
is produced in the atmosphere (in the vicinity of the earth's surface, the
shower mainly consists of electrons, positrons, and hard photons). The
area of effective shower recording, for instance using a system of counters,
depends on the energy of the primary particle and may reach many square
kilometers. Showers are observed and studied using systems of counters of
various types, spread out over a large area and connected '"in coincidence."
A counter system makes it possible to record particles falling onto a large
area, and this takes place quite frequently. For example, a particle with
E> 1019 ev falls onto a surface 10km? in area once every few days.

Consequently, extensive-shower observations enable us to record even
such rare cosmic-ray events as the falling of particles with energies from
1018 to0 1020 ev. However, quite a high price must be ''paid" for this. First
of all, the energy of the primary particle cannot be determined very accu-
rately. Second, and this is the main thing, it is not possible to ascertain
what kind of particle (proton or some nucleus) caused the shower. There-
fore, in regions where cosmic rays are studied only in showers, the chem-
ical composition of the cosmic rays cannot be reliably ascertained. If this
compostion is the same as that of low-energy cosmic rays, then somewhat
more than half of all the showers with total energies greater than that spec-
ified are produced by nuclei rather than protons. It may be that all the
particles with energies higher than, say, 10!7 ev are nuclei of the iron or
chromium type. Then the energy per nucleon will be only about 1/50 of the
total particle energy. This is very important with respect to ascertaining
the origins of particles with very high energies. The thing is that, for a
10¥-ev proton, the radius of curvature of the trajectory in a field of 10
oersteds is 3- 10%2!ecm, which is a distance comparable with the radius of the
Galaxy (3-1022 to 5- 1022¢cm). An iron nucleus (Z=26) with this same total
energy follows a trajectory with a curvature radius which is 1/26 as long
{about 102%em). Such a nucleus will, in all likelihood, have a galactic ori-
gin and remain in the Galaxy. Protons with E>3- 108 to 10, on the other
hand, will obviously not stay within the Galaxy and must have originated
somewhere beyond its limits.

As mentioned above, we do not yet have any reliable data on the chemi-
cal composition of cosmic rays with very high energies (E>10% ev). Pre-
liminary data indicate, however, that such particles having ultrahigh ener-
gies can hardly consist just of heavy nuclei. Moreover, even heavy nuclei
with energies higher than 10!° ev (and also particles with £<10% ev, a very
small number of these having been observed) probably do not remain within
the limits of the Galaxy to any extent. Therefore, it is most likely that
cosmic rays with ultrahigh energies are made up of particles of extragal-
actic origin. Let us call such cosmic rays originating beyond the limits of
our Galaxy "metagalactic' cosmic rays. These may have been accelerated
in certain other galaxies, specifically in radio galaxies, where cosmic-ray
generation takes place especially intensively and effectively. This will be
discussed further below.

® Here, the usual notation tor 7 mesons, p mesons, electrons, and neutrinos is used ( m, p. e, and v); anti-~
neutrinos are designated as v, and the * signs indicate the charge of the particles.



Whereas particles with ultrahigh energies follow trajectories having
radii of curvature comparable tothe dimensions of the Galaxy, for most cos-
mic rays the radius of curvature is undoubtedly negligible in comparison
with the distance to the nearest stars. For example, we have already noted
that a 10'%-ev proton in afield of 1075 oersted will follow a trajectory with
a curvature radius of 3- 103 cm. The nearest star, on the other hand, is
about 4 light years, or 4-10%8 ¢m, away.

The smallness of the radii of curvature of cosmic rays, as well as the ir-
regularity and random nature of the interstellar magnetic fields and some
other factors, are responsible for the isotropy of cosmic radiation. Quan-
titatively, the degree of anisotropy can be characterized by the coefficient
o= Jmx—Jmin  where I and Iy, are the maximum and minimum cosmic-ray

lmax+’mln
fluxes beyond the range of action of the earth's magnetic field. The flux far

away from the earth can be estimated from measurements in the vicinity of
the earth, since the nature of the particle motion in the earth's magnetic
field is known. Let us recall too that / is the flux in some direction (inten-
sity), so that /mac, for example, is the flux in the direction in which /is a
maximum. According to available data for particles with E< 10 ev, the coef-
ficient 8 <1%. For energies higher than this the measurement accuracy is
lower, but within the limits of the attainable accuracy no anisotropy of the
primary cosmic rays has been observed.

ELECTRONS AND POSITRONS

On the basis of general considerations, it has been clear for a long time
that primary cosmic rays must contain a certain number of electrons and
positrons, in addition to protons and nuclei. Actually, when cosmic-ray
protons and nuclei collide with the nuclei of atoms of the interstellar medi-
um, a certain number of n* mesons are produced, and as a result of a*—
Sut4v and pt—er+v+vdecays electrons e- and positrons e*are produced. In
addition, it can be assumed that electrons are accelerated at the cosmic-
ray sources as well as protons and nuclei. Finally, radio-astronomical
data, which will be discussed in the next chapter, show convincingly
that relativistic electrons, which produce the electron component* of cos-
mic rays, actually do exist in interstellar space.

Evaluations of the number of secondary electrons (products of n—p—e de-
cay), together with radio-astronomical observations, indicate that the cos-
mic-ray electron flux amounts to only a few percent of the proton-nucleus
flux. This fact, the smallness of the flux, explains why the electron compo-
nent of the primary cosmic rays was only discovered in 1961, and also why
the data obtained for this component are still comparatively sparse.

The flux of electrons with E>1 Bev constitutes about 1.5% of the flux of
all cosmic rays with Ex> 1 Bev. In the energy range from 1 to 10 Bev the

* In most cases (especially in radio-astronomical observations) the total number of electrons and positrons is
determined. Consequently, it would be more accurate to speak of the "electron-positron component, "
However, for the sake of brevity, we refer to both electrons and positrons as the "electron component” or
"relativistic electrons,” except when these particles are actually considered separately.
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electron spectrum is described by the expression

- 4
1(E)=40.E-? —, electrons ) (4)
m*® ster sec Bev

For E> 10 Bev the spectrum drops more sharply, so that index v is from 2.5
to 2.7, instead of the value v =2 in (4). If spectrum (4) is used for all ener-
gies E>1 Bev anyway, then

1,(>E)———'|‘I(E)afE=40-E‘l electrons/m? ster sec,
E

where E is measured in Bev. Here it must be remembered that the accura-
cy of expression (4) is low and that the data of different investigators differ
quite considerably.

The first measurements of the composition of the electron component
were published in 1964 (that is, the component was divided into electrons
and positrons). For the energy range 0.3 <E< 1 Bev, the best value ob-
tained so far for the ratio of the positron flux /.. to the total flux /..+/.. of the
electron component is: 7./(l.—+/..) =0.20+0.15, However, it should be re-
membered that these measurements were made with balloons, so that there
was an air layer about 4 g/cm? thick above the equipment. Consequently,
some of the electrons and positrons could have been secondary. The provi-
sional conclusion might thus be made that positrons constitute less than 20%
of the total cosmic-ray electron component near the earth (inthe range 0.3 <
<E< 1 Bev).* Even such a modest conclusion as this is apparently very
significant. This is because a secondary origin of the electron component,
that is, the creation of this component in interstellar space as a result of
nuclear collisions and consequent ai—u—e decay, would produce many
positrons. Calculations show that in this case a value of /../(/.-+1.) = 0.65
should be expected; in any case it will be true that /../(J..+/..)> 0.5. Thus it
may be concluded that the cosmic-ray electron component is mostly gener-
ated in certain sources, probably together with and at the same time as the
proton-nuclear component.

Only charged particles of cosmic origin which have kinetic energies
greater than, say, 100 Mev will here be considered to be cosmic rays
(particles with lower energies, but which still exceed those of most parti-
cles in the interplanetary gas, are sometimes called subcosmic). It should
not be forgotten, however, that there are uncharged high-energy particles
arriving from space which are closely related to cosmic rays. Here, we
are referring mainly to the hard electromagnetic radiation (in quantum
language, the hard photons) which produce x-rays and gamma rays.

In addition to these rays (which will be treated in a later chapter), there
are also neutrinos arriving from outer space. It is extremely difficult to
record the latter, because of their exceptionally high penetrating power.
Nevertheless, it is to be expected that in the near future the nascent science

* This conclusion was confirmed and the data made more accurate as a result of measurements which became
known to us early in 1967. According to these data, for example for 1<E< & Bev, the ratio /_,/
(0, _+7,,)=0.08£004
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of neutrino astronomy will achieve its first success: to record and to inves-
tigate the neutrino emission of the sun, which is ejected close to the solar
center by very hot regions there (as far as we know, no science-fiction
writer has ever predicted that man would be able to peer into the very
depths of the solar interior, which is now already quite feasible as a result
of advances in neutrino physics).

Solar neutrinos are produced in the nuclear reactions which "heat up" the
sun, and they are in no way related to cosmic rays (consequently, they will
not be treated in more detail here). On the other hand, the neutrinos v {and
antineutrinos v) originating as a consequence of the above-mentioned st — u* +
+v and p*—et+v+v decays in interstellar space are directly related to cos-
mic rays, and in fact are generated by them. Calculations show that the
flux of such secondary neutrinos with energies above 1 Bev is /(£ > | Bev)<
< 1 neutrino/m? ster sec. The observation of this flux is not only extreme-
ly difficult in itself, but is also made practically impossible by the fact that
cosmic rays produce from a hundred to a thousand times more neutrinos in
the earth's atmosphere than in interstellar space.* Consequently, only if
the neutrino flux in interstellar space should happen to be considerably
higher than the flux of secondary neutrinos, for some reason or other,
could we expect to record the cosmic neutrinos and determine their energy
spectrum. In the middle of 1965 the first reports were received stating that
high-energy neutrinos has been detected in two underground laboratories.

It is most likely that these neutrinos were produced by cosmic rays in the
atmosphere; in any case, such an assumption cannot now be refuted.

At present cosmic neutrinos can be recorded only deep underground, because of the unwieldiness of the
equipment and, mainly, because it 1s necessary to "block out” the background of charged particles.
Therefore, neutrinos produced in the atmosphere are also picked up by the measuring equipment.

14



Chapter 2
RADIO ASTRONOMY AND COSMIC RAYS

As we mentioned in the introduction, until recently the only source of
information about the cosmos was the visible radiation emitted by the sun,
stars, galaxies, etc. Now, however, the study of cosmic radio emission,
which is the basic task of radio astronomy, has become an equally impor-
tant method. Cosmic radio emission reaching the earth from our Galaxy
was discovered in 1931-1932. Solar radio emission was observed in 1842-
1943. However, up until 1945 only a few radio-astronomical studies were
published, and it was only in recent years that radio astronomy began to
develop intensively. The latter development has resulted in some very im-
portant discoveries. At present radio methods are on a par with optical
techniques, and important problems (such as those of solar physics) are
studied simultaneously using both methods. Consequently, the separation
of astronomy into optical astronomy and radio astronomy is becoming, to an
ever-increasing extent, a methodical distinction, rather than indicating a
difference in the object of study. It is noteworthy that, after only about 25
years of development, radio astronomy has become nearly as important as
optical astronomy, which came into being in ancient times. In the subse-
quent discussion, the nature of cosmic radio emission and the ''radio
map'' of the sky will be of special importance.

THE NATURE OF COSMIC RADIO EMISSION

The cosmic radio emission which is picked up on earth can be divided
into three components: thermal emission with a continuous spectrum; ther-
mal emission of neutral hydrogen with a wavelength of about 21 cm, and
also emission of hydrogen atoms and hydroxyl (OH) molecules with various
different wavelengths; and nonthermal cosmic radio emission. The first of
these components is a kind of bremsstrahlung of the electrons of the inter-
stellar medium, occurring when these electrons collide with ions. The
intensity of this emission will naturally be especially high from regions
where the gas temperature and the degree of gas ionization are high, as is
the case, for example, in the vicinity of very hot stars. Some regions of
the atmospheres of various types of stars are also strongly heated, including
stars like our sun which are not very hot. The only thermal radio emission
from a stellar atmosphere which can be picked up on the earth is from the
sun. In the subsequent treatment of cosmic radio emission, only emission
originating beyond the limits of the solar system will be referred to.



The temperature of ionized gas in our Galaxy does not exceed 10% degrees;
this will be the maximum temperature of the thermal radio emission ema-
nating from this gas. * '

Monochromatic cosmic radio emission of neutral hydrogen (A= 21 cm)
was discovered in 1951. This radiation is also essentially thermal (equilib-
rium) emission, even though its temperature doen not usually exceed
100°K. Radiationwith a wavelength of 21 cm is emitted duringtransitionsbe-
tween sublevels of the hyperfine structure of the hydrogen-atom ground level.
These sublevels correspond to the two possible mutual spin orientations of
the electron and proton making up the hydrogen atom.

Before the A =21 ¢cm spectral line could be picked up, it was possible to
obtain information only concerning light-emitting excited hydrogen atoms.
Naturally, there are an incomparably greater number of unexcited atoms
than excited ones. In fact, in many parts of the sky there are so few ex-
cited atoms that their emission is imperceptible. Moreover, the luminous
emission is greatly scattered and absorbed by interstellar (cosmic) dust.
Radio waves, on the other hand, are scattered and absorbed incomparably
less by dust. Thus, reception of the 21-cm radio emission was exception-
ally important to astronomers, since it enabled them to make the first
really detailed studies of the spiral structure and central regions of our
Galaxy.

The third component of the cosmic radio emission, nonthermal emission
with a continuous spectrum, is the one which is the most significant for our
purposes. This radiation comes to us from every direction, from the Gal-
axy as a whole, from individual nebulae in the Galaxy, and from other gal-
axies. It is quite easy to show that a considerable part of the cosmic radio
emission is nonthermal. This follows directly from the fact that the re-
ceived radiation with wavelengths longer than several meters has a very
high intensity. For example, the effective temperature of 16-meter cosmic
radio emission may be as much as 3- 105 °K, while that of radiation with a
wavelength of around 30 meters may be 108 °K.** On the other hand, as
mentioned above, the effective temperature of the thermal emission of the
interstellar gas cannot exceed the temperature of this gas (about 10% °K).

Thus it is certain that some intense nonthermal cosmic radio emission
exists. Moreover, this radiation is in most cases the predominant part of
the cosmic radio emission.

* The intensity / (flux in a given direction) of the thermal emission of a medium with a temperature 7T is

2kv? -
Iy="gTeirr Tegg =T(1—e™), &)

where v=c/A is the emission frequency, X is the wavelength, c= 3. 10" cm/sec is the speed of light in a
vacuum {and in practice in a sufficiently rarefied gas as well), © is the optical thickness of the medium,
which characterizes the absorption of the given radiation as it propagates through the medium (in (5) it is
taken into account that hv € kT, where & == 6.625-10-¥ erg sec is Planck's constant, and #= 1.38- 1078
erg/deg is Boltzmann’'s constant). From formula (5) it is evident that the effective temperature Teff <7.

** The intensity Iy of any radio emission with a specified frequency v can be characterized by the effective
temnperature T s, determined using the formula

2kv? 2k
IV=TTeff =A—1 Teff

(see (5)). It should be noted that for electromagnetic waves it is customary to use the term "intensity, "
rather than "flux. "



Let us next discuss the nature of the nonthermal cosmic radio emission.
This very important problem was not solved without some difficulty. For
quite a long time the nonthermal radio emission was thought to be generated
in the shells of an enormous number of hypothetical radio stars, which
possessed unusual properties and were not observed in the optical part of
the spectrum. Since this assumption has now been abandoned, it will not be
treated in greater detail here.

Another explanation of the origin of nonthermal cosmic radio emission,
which has since been found to be correct, was suggested and developed
between 1950 and 1953. It may be summed up in the statement that the non-
thermal cosmic radio emission is actually a magnetic bremsstrahlung
(synchrotron radiation) of the relativistic electrons making up the cosmic-
ray electron component, * With respect to this, a surprising relation was
established between radio emission and cosmic rays: most of the cosmic
radio emission is generated by cosmic rays!

Therefore, radio astronomy provides us with a means of studying cosmic
rays throughout the universe. In addition, it brings us very near to a solu-
tion of the problem of the origin of cosmic rays. It is interesting to note
that the bremsstrahlung theory of cosmic radio emission was by no means
immediately accepted as widely as it is at present. In fact, a paper dealing
with this theory, presented at the Manchester Symposium on Radio Astron-
omy in 1955, was not even published in the proceedings of the symposium.
On the other hand, the proceedings which appeared in 1957 included a report
relating the nonthermal radio emission to the hypothesis on the existence of
an enormous number of radio stars.

Before going on to discuss the results of the radio-astronomical studies,
let us consider the special features of the magnetic-bremsstrahlung mecha-
nism. A charged particle moving in a magnetic field of intensity #, just as
in the case of any nonuniform motion, emits electromagnetic waves. The
angular frequencies of the emitted waves for circular motion, will
equal the angular frequency o}, of particie rotation in the magnetic field and
its harmonicsno},, where n is any whole number. To be specific, let us
sider an electron, for which

. eH me® - gy mc? 6
o= ——1.76-10‘H—E . (6)

5

where E is the total energy of the electron, and m¢?=5.1-10° ev is its rest

mass.

A nonrelativistic electron (for which (E—mc?) € mc? emits almost exclu-
sively the fundamental frequency o}, ~ o, =eH/mc; the nature of this radiation
is the same as that of the radiation emitted by two mutually perpendicular
dipoles whose oscillation phases are shifted by 90°. However, in the ultra-

® Let us stress that here we are not referring to all the nonthermal cosmic radio emission, but only to the

most important part of it, which emanates from the interstellar space of our Galaxy and from various nebu-
lae (envelopes of supernovae, "normal” galaxies, and radio galaxies; see below). Solar radiation includes
not only magnetic-bremsstrahlung type nonthermal radio emission, but also nonthermal radio emission of
another type, which can be called coherent plasma radio emission (it appears only in regions where a suffi-
ciently dense plasma (ionized gas) exists). Coherent plasma radio emission is probably also produced at the
time of eruptions (outbursts) on so-called flaring stars, on quasars, and in the "compact” radio source in the
Crab Nebula (see below).
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relativistic case of interest to us, when EX>>mc?, the particle emits waves
predominantly in the direction of its instantaneous velocity, and the radia-
tion is concentrated within a narrow cone with an aperture angle 8 ~mc?/EK1.

-4~ r

FIGURE 5. Magnetic bremsstrahlung (synchrotron
radiation).

Particle moves around circle with velocity v(vaze)

: « _ ef met
and angular velocity o, =—-=. Lower part of
diagram shows curve for intensity of radiation re-
corded by instrument located in orbital plane of

particle.

Therefore, if the electron moves in a circle (this takes place if its velocity
v isatright angles to the field H), electromagnetic waves are emitted like
the sparks from a grindstone when a knife is being sharpened. In other
words, an observer in the orbital plane records bursts of radiation by time
intervals of t=2n/o}, (Figure 5). The duration of each burst will be

ATN_’ﬁ(’”Cz )2~<’"—°)(i”—°i)2, where r=-% is the radius of the orbit,
4 E eH E )%

and the factor (mc?/E)? takes into account the Doppler effect. Since the radia-
tion is periodic (with a period 1= 27/0},), its frequency spectrum, as noted

above, will consist of harmonics of the frequency o). Frequencies of the

ff’_)( £ )2, corresponding to the characteristic burst dura-
mc/\ mc?

tion A1, will be associated with a maximum intensity. For an electron with
an energy E equal to, for example, 5- 108 ev in a field H= 103 oersted, the
frequency o}, = 0.176 sec™! and the frequency wn~ 10% sec™!. Consequently,
the very high harmonics o= e}, will appear in the spectrum, where
in our example n,~10% In a case like this, obviously, the spectrum will be
so ""dense'' that it is practically continuous {(Figure 6).

The energy P(v, E) emitted by an electron in one second in the frequency

interval dv=dw/2n is

o=t (2). wm (2 o

1
order of _\_r"’“’m:(

me?

the function p(w/wmsx) is shown is Figure 6.
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FIGURE 6. Spectrum of magnetic bremsstrahlung.

Maximum emission corresponds to a frequency vm.x and an energy
P(vmax, E), equal to

Vmpe = 0.43 9 — 1.2 . 10K ({CT)’ cps, (8)
H er
P(Spays E)=16""14 =216 1077H, gec—gcps' (9)

The quantity H; entering into these formulas is the component of #
normal to the particle velocity . This component H, appears in the formu-
las for the general case of helical motion of a particle.

It has been established that magnetic fields with intensities #~ 10~ to
1073 oersted exist in interstellar space. If H; ~3 .10 % oersted and E~5
5:10° ev, then vmux~ 4 +108% cps and the corresponding wavelength Amax=¢/Vmax™
~0.7 meter. From this example it is clear that in interstellar space cos-
mic-ray electrons with energies from 108 to 10!° ev will produce magnetic
bremsstrahlung in the radio range. The intensity of this radio emission can
be evaluated simply using formula (9). Such an evaluation shows that, to
explain the observed nonthermal radio emission in interstellar space, it is
sufficient that in the Galaxy the flux I.(E>1 Bev) of electrons with energies
greater than 10% ev=1 Bev be of the order of 10 electrons/m? ster sec.

This amount constitutes about 1% of the entire cosmic-ray flux near the
earth, and, as noted above, agrees with existing data on the flux of electrons
and positrons in the space around the earth.

The magnetic bremsstrahlung is almost completely polarized, in that the
electric vector in the wave is perpendicular to the magnetic field and the
particle-velocity vector. The observed galactic radio emission, however,
is only slightly polarized in the meter-wave range. There are two reasons
for this: first, on a line of sight passing through the Galaxy, the magnetic
field has a different orientation in different places, so that the total emis-
sion will already be depolarized somewhat. Second, under the influence of
the magnetic field, the plane of polarization of the radio waves rotates in



the interstellar medium, * and this also leads to depolarization of the radio
emission. As a result, the cosmic magnetic bremsstrahlung is strongly
polarized only in special cases, which will be discussed below.

The spectrum of electrons in the cosmos, at least within a limited energy
range, may be assumed to be exponential. Thus the concentration of elec-
trons with energies between E and E+dE, will be N.(E)dE, where

K,
Ne (E):E—;. (10)
For relativistic particles, as noted previously, the flux /(F) = 4LﬂN(E) and
(> E)=ﬁfN(E) dE. Therefore, the flux of electrons with spectrum (10)
E

is 1,(> E)=M—C_K{’)F:l. For cosmic electrons with spectrum (10) the inten-

sity of the radio emission has the form

= ifzf_ T o = 1.35-10"%a (v K, RH

y-1
Raal (6.26- 1018) 2
v

(11)

where /, is measured in

erg

=10"3w/m?. ster-cps
cm?. ster . sec. cps / ps,

R is the extent of the emitting region along the line of sight, 4 is the mean
magnetic-field intensity along the line of sight (the field is assumed to be
directed randomly, on the average, so that its radiation is unpolarized), and
a(y) is a comparatively slowly varying function of ¥ (for instance, a(1)=
=0.283, a(2)=0.103, anda(3)=10.074).

If observations indicate that the intensity /, is proportional to v, then
according to (11) the exponent v in (10) can be determined directly:

y=2a +1, [/,==const.v=2, (12)

v+ 1

From the value of /, it is possible to find the product K,R/{ ? and then to
evaluate K., since the values of Rand H are usually known, albeit roughly.
Consequently, from the intensity of the cosmic radio emission, and from
the dependence of this emission on frequency and observation direction,
information can be obtained on the electron component of cosmic rays both
in our Galaxy and in very distant galaxies.

* For a tenuous ionized medium, the effect of rotation of the polarization plane in a very weak field turns
out to be considerable, due to the enormous extent of the interstellar magnetic fields. The magnetic radio
bremsstrahlung in the interstellar medium can usually be considered to be the same as that for the motion
of an electron in a vacuum, since the refractive index of the medium in this case is close to unity.
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RADIO TELESCOPES

The development of radio astronomy and the advances made in this field
were accompanied by the development of instruments for picking up cosmic
radio emission. Thesedevices are generallyreferredtoas radiotelescopes,
although sometimes this term is restricted to receiving antennas only, es-
pecially when they consist of parabolic or spherical reflectors. We donot
intend to treat the operation principles and construction of radio telescopes
here. However, the remarkable successes that have been achieved with
these instruments in a comparatively short time should be noted.

Any telescope (radio, optical, x-ray, etc.) can be characterized by two
main parameters: sensitivity (reception range) and angular resolving power.
The greater the area of the receiving device (antenna or reflector), and the
more sensitive the recording apparatus (photographic plate, electron or photo-
multiplier, radioreceiver, x-ray and gamma-ray counters, etc.), thehigher
the sensitivity of a telescope will be. The angular resolution of a given
telescope is the angular distance on the celestial sphere between the closest
objects (for instance, stars) or details of a single object (for instance, parts
of aplanet) which can be mutually distinguished. This quantity is determined
primarily by the ratio A/D, where X is the wavelength, and D isthe reflector
diameter or a characteristic dimension of the antenna. *

The largest existing optical telescope has a mirror with a diameter of
5 meters. Consequently, in this telescope light is gathered from an area of
about 20 m?, and the theoretical angular resolution /D =10-7~ 0.02'! for
typical visible waves with A =5 - 10~%cm = 0.5 micron. Unfortunately, the
actual angular resolution is some tens of times worse than this and usually
does not exceed 1'', as a result of '"noise'' caused by the terrestrial atmo-
sphere (the air above the mirror is nonuniformly heated, constantly moves,
etc.). With a resolution of about 1'', we could see a tall man from 350 km
away, or else a matchbox from 10km away.

Modern radio telescopes can gather radiation from areas of hundreds of
square meters for the millimeter and centimeter ranges and many thousands
of square meters in the meter range. For example, the area of the first-
class millimeter-range radio telescope at the radio-astronomical station of
the Physics Institute of the USSR Academy of Sciences near Serpukhov (see
Figure 7) is 380m? (diameter of 22m). One of the best parabolic radio
telescopes, which began operating in 1961 in Australia (see Figure 8), has
a reflector with a diameter D= 65m and it gathers radio waves from an
area of about 3300m?2. However, even for waves which are very short for
radio astronomy (A= 10 cm), the angular resolution of this telescope is only
about 300"=5'. Moreover, the resolving power of a gigantic instrument
like this is only about 1° in the meter range. This means that in the meter
range this radio telescope cannot even resolve large details on the sun or on
the moon (the sun and moon, as visible from the earth, describe angles of
about 30'=0.5°). However, at the beginning of the development of radio
astronomy, even such a resolution seemed fantastic, since the antennas and

* With an accuracy up to nearly a unit of the multiplying factor, the ratio A/D equals the angle of divergence
of the electromagnetic waves in the telescope as a result of diffraction (for example, diffraction at the
edges of the reflector).
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reflectors used thenhad dimensions which were only a few times greater than
the wavelength. The areas of the reflectors and antennas were some tens of
square meters, which is quite small, taking into account the exceptionally
weak fl1ix of cosmic radio emission reaching the earth. But numbers say
very little, so as an illustration let us cite a method used in the summer of
1965 at a display at the Mullard Radio-Astronomical Observatory near
Cambridge (England). Visitors at the display were led to a stand, where
they were asked to take a small leaflet from a pile on the table. When he
turned it over, the visitor read the following: by taking this piece of paper
from the table, you expended more energy than that expended by all the ra-
diotelescopes in the world throughout the entire history of radio astronomy. "

Hilnal s N )

FIGURE 7. Radio telescope operating in millimeter range, reflector diameter
22 m (USSR).
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FIGURE 8. Radio telescope with reflector diameter of 65m (Australia).



Therefore, even in the case of the largest radio telescopes, which gather
cosmic radio emission from areas of thousands of square meters, the sen-
sitivity attained by the receiving apparatus is amazing. This sensitivity is
so high that radio telescopes can now pick up waves emitted by the furthest
galaxies, lying several billion light years away (a light year equals 1018 cm;
it takes light 8 minutes to get from the sun to the earth, so this distance is
equal to 8 light minutes).

In general the sensitivity of a modern radio telescope is not inferior to,
and sometimes may even exceed, that of an optical telescope. The same is
true of the angular resolution of the telescope, but with the following reser-
vation: a high resolution can be obtained in the radio range only with the use
of special instruments or under special conditions, which introduces certain
complications. Let us now discuss these special instruments or conditions.

FIGURE 9. Radio interferometer (England).

In general, interferometers are constructed to increase the angular res-
olution. This means that two or more comparatively small reflectors (anten-
nas), separated by a strictly specified distance L, are used. The sensitiv-
ity of such a system is, as in the previous case, determined primarily by
the reflector area. The angular resolution, however, is characterized main-
ly by the ratio A/L, rather than justby a/D(where D is the reflector diameter).
In the meter range the ""baseline' L of existing interoferometers reaches
tens or even hundreds of kilometers. For example, for 5-meter waves and
a base of 50 km, the ratio /L~ 10~*=20". Actually, in this way resolutions
of the order of 1" have already been attained (that is, the same as in optical
astronomy). One of the best and most unique interferometers in the world
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recently began operating at the above-mentioned radio observatory near
Cambridge. Two of the three reflectors of this interferometer {the diameter
of eachreflector is about 20 m; theyoperateinthe rangeof 23> 21 cm) are
shownin Figure 9. One of the reflectors moves along rails about a kilometer
in length, its position being specified to within 3 mm. Such a high accuracy
requirement is only one facet of the quite high "price” which must be paid
when interferometers are used instead of parabolic reflectors. There are
also two other interesting methods of raising the angular resolution, one
utilizing the moon and the other utilizing the "'solar wind."
When any radio source is "occulted"
by the moon (that is, when the lunar
disk comes between the source and a
terrestrial observer), diffraction of the
radio waves occurs at the limbs of the
lunar disk. Because of the diffraction,
reception of the radiation, even from a
point source, does not stop immediate-
Time ly when the source disappears, but
rather is found to vary gradually: the
r flux variation for occultation of a point
source should follow the curve in
W\,\/\/ Figure 10a. However, if the source is
not a point source, the decay curve has
a different shape. For example, for
L - N the well-known gquasistellar source,
\ quasar 3C 273 - B (these remarkable
i ES— objects will be discussed below), the
radio flux varies as shown in
Figure 10b. By this mean angular
resolutions of 1" or even higher can be
b Time attained. Unfortunately, the use of the
FIGURE 10. Diffraction at lunar disk of radic method of lunar occultations is very
waves from discrete ~oilrce: restricted. First, many sources are
a) change in radio flus F for aeint never occulted by the moon, and, sec-
source (Fyis radio flux outside region ond, evenwhenoccultationcan occur it
of occultation of soutce by mooni; b) ckange in may be only very rarely(sometimes many
radio-emission flux for quasar 3C 273-3 c.e to years go by between occultations). *
occultation by moon f1n the reg.on indicated by In addition to the diffraction at the
arrow, the' curve deviates most significantly frer lunar disk, on its way to the earth the
the curve in a). cosmic radio emission is also diffrac-
ted (albeit in a different way) by cur-
rents of the "solar wind." The solar wind consists of streams, jets, and
"clouds'' of ionized gas ejected by the sun. The sizes of the nonuniformities
("clouds') of the solar wind, and their distances from the earth, are such
that a diffraction pattern is recorded on the earth (in the form of quite rapid
oscillations of the radio flux from the source) only for sources
with small angular dimensions. Consequently, the angular dimensions of a
source can be evaluated and, what is more important, small sources can be

\l\,

>
[SR]

1

* Here we are referring to observations on the eanth It s alwa)s possible, in principle, to send a rocket to a

point from which lunar occultation of any scurce occurs.
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distinguished from large ones. In the middle of 1965 this method led to the
discovery of a '"compact' radio source in the Crab Nebula (the size of this
source was 0.1", whereas the Crab Nebula itself has a size of 5'= 300" in
the radio range, or 3000 times the size of the source).

The advances which nave been made during the development of radio tele-
scopes, and in general in the reception and analysis of cosmic radio emis-~
sion, have led to a number of results which are of interest in astronomy.

COSMIC RAYS IN THE UNIVERSE AS A WHOLE
(SUPERNOVA SHELLS, THE GALAXY, RADIO
GALAXIES, QUASARS)

We have become accustomed to maps of the sky and photographs of dif-
ferent regions of the Milky Way or nebulae, obtainedusing opticaltelescopes.
Allthese maps and photographs together show the distributionthroughout the
universe of the brightest luminous stars, star clusters, intragalactic nebu-
lae, and galaxies. However, even in the visible range, a sky chart looks
different when different light filters are used during the photograph (that is,
indifferent wavelength ranges). Asanexample, Figure 11 shows photographs
of the famous Crab Nebula (constellation Taurus), takeninthe light of one of
its intense spectral lines and in the light of the continuous spectrum (in this
case a light filter which did not transmit the intense lines was used).

If the photographs are takenin infrared or ultraviolet light instead of visible
light, the picture of the sky will naturally be changed even more than for the
transition from red to violet light. However, in the radio range, the sky
turns out to be completely unrecognizable. Although we do not possess
"radio vision, "' in the literal sense of the word, it is still possible to view
the sky in radio-frequency radiation on the screen of an oscilloscope. In
practice, however, radio maps of the sky are constructed or simply drawn
according to the data of measurements of the radio-emission intensity in
different directions.

In the "optical sky' the sun occupies an exceptional position, and even the
moon emits only one millionth as much light. However, in the meter range
the '"radio sky'' has as many as three suns (three especially bright sources).
One of these is the sun itself, another is the radio source Cassiopeia A, and
the third is the source Cygnus A.* It is interesting that the two latter very
powerful discrete sources of cosmic radio emission are quite insignificant
in ordinary photographs, eVen when taken through a good telescope. Only on
special photographs taken through the largest existing telescope (diameter
5 m) was it possible, in 1951, to detect reliably the shell of a supernova at
the site of Cassiopeia A and a distant galaxy at the site of Cygnus A.

The Crab Nebula (radio source Taurus A) is one of the weaker radio
sources: its radio flux at 3 m is only 1/12 of that of Cassiopeia A
and 1/7 of that of Cygnus A.

* The difference between these sources when observed in the radio ranse is noteworthy. For instance, the
angular size of the sun in the meter range is 40" to 50°. whereas sources Cassiopeia A and Cygnus A are
only a few angular minutes in size. In addition. the positon of the sun 1n the sky changes due to the annu-
al motion of the earth. Finally, the intensity of the solar radio emission i1n the meter range sometimes
varies greatly when spots, flares, etc., appear on the sun.
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FIGURE 11.

Crab Nebula (radio source Taurus A):

a) photograph taken in light of intense spectral line; b) photograph taken in light
of continuous spectrum.

The difference between optical and radio maps of the sky becomes even
more evident if we note that radio emission has never been detected from
any bright star. * Finally, in addition to the presence of powerful discrete

sources in the ''radio sky, " the entire sky is found to ''shine' brightly in the
meter range and at longer wavelengths. This is where the term ''discrete

® Several years ago brief bursts of radio emission were seen to be emitted by certain variable (flaring) stars.
Here, however, we are referring to radio-frequency radiation that can be observed at all times.
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sources' of cosmic radio emission comes from, as opposed to sources
which are continuously distributed in all directions. It was mentioned above
that at 16 m the effective temperature of the continuous or, as it is more
frequently called, general radio emission of the Galaxy is around 10° °K. *

FIGURE 12. Galaxy NGC 4565 (here, NGC stands for New General Catalog,
while 4565 is the number of the object in this catalog). The dark lane in
the middle of the disk is caused by the absorption of light by cosmic dust
concentrated in the galactic plane.

Let us determine the shape of the Galaxy when viewed in the radio-fre-
quency range. First of all, however, it will be of interest to recall how the
Galaxy looks in visible light. Naturally, it is not possible to photograph the
entire Galaxy from somewhere inside it. Therefore, let us consider the
photographs (Figures 12 and 13) of two spiral galaxies, one of which is seen
from the earth in a "side view' and the other in a "top view.' Our Galaxy,
which is also a spiral galaxy, contains hundreds of billions of stars, the
brightest of which form a bulge in the center of the disk. Spiralgalaxies rotate
quite rapidly. For example, the sun, which lies 30,000 light years away
from the galactic center, makes one revolution around this center in about
220 million years; the velocity of the solar system associated with this
motion about the center is about 230km/sec. The arms of the galactic
spiral, in which new stars and interstellar gas are concentrated, are by no
means either regular or continuous. This is especially evident from data on
the distribution of neutral hydrogen in the Galaxy, obtained from studies of
the 21-cm radiation. The picture shown in Figure 14 was obtained on the
basis of some of these data. Accumulations of hydrogen in the arms are
represented as light bands, the galactic center is indicated by a cross, and

N

* According to (5), T =¢%y/2kv?, and for magnetic radio bremsstrahlung /y is usually proportional to vTE,

where a =V; 1(see 12)). For the general galactic radio emission, @ ~0.6 to 0.7, so that T eff is proportional

tov-2%rv-27 Such a rapid drop in Tegfwith a rise in frequency indicates, for one thing, that the radiation
is nonthermal. On the other hand, 1t is now clear why the total energy of the cosmic radio emission
reaching the earth is comparatively low. Obviously, life of the earth would be impossible even if the
radiation temperature (constant right up to infrared frequencies) were T g~ 400°K. In the middle of 1965,
data were obtained (and subsequently verified) indicating that thermal cosmic infrared and radio radiation
exists which has a temperature of about 3°K.
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the solar system by a circle with a dot in it. The region near the line be-
tween the sun and the galactic center cannot be studied in detail, so that the
hydrogen accumulations there are far from being indicated completely.
From Figure 14 and from a more detailed analysis, it is clear that the spi-
ral arms are not continuous, but rather consist of separate parts which have
different lengths and thicknesses. * These arms, finally, form only at a
distance of about 9000 light years from the galactic center.

FIGURE 13. Galaxy NGC 5194,

A detailed study of the spiral structure and the central regions of the
Galaxy using optical methods is impossible, due to the interstellar absorp-
tion of light. However, with the development of radio astronomy, important
results were immediately obtained in this direction. In particular, a gal-
actic nucleus about 20 light years across was discovered. This nucleus is a

" A quasiordered magnetic field (H ~ 107% cersted), oriented predominantly along the arm, exists in the
spiral arms of the Galaxy. The arms seem to form force tubes of the magnetic-field lines, and the mag-
netic field undoubtedly plays an important part in the creation of the arms. The fact that the arms do not
form any kind of regular spiral is explained by the rotation of the Galaxy. During the time the Galaxy has
existed in a state close to the present one (about 9 billion years), for example, the solar system has com-
pleted about 25 revolutions around the galactic center. Obviously, the force tubes could not have re-
mained unbroken during that time. Here it is important to note that the Galaxy (and, in general, galaxies)
does not turn as a solid body; on the contrary, its rotation is nonuniform (this means that the angular veloc-
ity of rotation varies with the distance from the rotation axis).
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scurce of nonthermal radio emission, and in addition it may be a small
quasar (see below). The area surrounding the nucleus has turned out to be
equally interesting; it is a layer of neutral hydrogen with a thickness of
about 300 light years. Here, n~1 to 2cm~3, and the entire mass of hydro-
gen revolves rapidly around the galactic nucleus (more precisely, around
some center that apparently coincides with the center of the nucleus). The
central part of the Galaxy is also a source of more intense nonthermal radio
emission, in comparison with the adjacent regions. This can probably be
attributed to an enhancement of the magnetic field in this region, rather than
to an increase in the number of cosmic rays. For example, for vy = 2.4,
formula (11) shows that the radio-emission intensity is proportional to H1:7,

FIGURE 14. Accumulations of neutral hydrogen in Galaxy.

Actually, we have already changed to a description of the sky according
to the radio emission in the meter range. Two elements of this description
are the above-mentioned galactic nucleus (a source of thermal radio emis-
sion) and the central radio region, which is a source of radio-frequency
magnetic bremsstrahlung of increased intensity. Roughly speaking, this
source has the shape of an ellipsoid of revolution, with axes ~ 1000 and 400
light years long (Figure 15). The third element of the description is the
radio disk of the Galaxy, a region ~1500 light years in thickness. * The
radio disk encompasses the optical disk of the Galaxy with its spiral struc-
iure (the arms of the optical spiral are ~ 800 light years in thickness).
Finally, the last element of the radio picture of the Galaxy is the halo, or
corona, a nearly spherical region which encompasses the entire visible

* More recent data show this thickness to be 2500 light years.
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Galaxy. From 80 to 90% of the total galactic radio emission comes from
this region, which has a radius of 30,000 to 50,000 light years.* Apparent-
ly there is no clear-cut boundary between the radio disk and the halo; it is
just that there is an increase in the radio brightness of the halo closer to
the galactic plane. Figure 16 shows two curves for the effective tempera-
ture of the cosmic radio emission at 3.5m, as a function of the galactic
latitude (let us recall that the galactic latitude is reckoned from the galactic
plane, which corresponds to a latitude of 0°; the galactic longitude deter-
mines the position of the line of sight in the galactic plane). The curves
correspond to different galactic longitudes. Measurements made using
high-resolution instruments indicate that the radio disk is nonuniform, in
that its radio brightness varies quite strongly from point to point (that is, the
radio disk apparently has a '"patchy'’ structure).
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FIGURE 15. Schematic representation of Galaxy from meter-
range radio e¢mission.

Therefore, in the radio range the Galaxy is by no means comparable to a
thin disk with a bulge in the middle. On the contrary, it has the shape of a
sphere or a slightly oblate ellipsoid. The same can be said, and with even
greater certainty, about most other galaxies, in particular about the Great
Nebula in Andromeda, which is the spiral galaxy closest to us. It is true
that there are some galaxies which do not have bright radio halos. Never-
theless, the fact that at least some galaxies were shown by radio observa-
tions to possess halos represents one of the important achievements of
astronomy in recent times. This fact is especially relevant to the present
discussion, since the radio emission of the halo is caused by the presence in
these gigantic galactic shells of relativistic electrons and cosmic rays in
general, as well as magnetic fields. In addition, highly rarefied ionized gas

* The exact shape of the galactic halo is still unknown. It may be that only around 50% of the galactic radio
emission comes from the halo.
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is present in the halo (mean concentration n~1:1073t0 3-107% ¢cm™3), and
the magnetic fields are "frozen into' this gas. The very existence of the
halo is apparently closely related to cosmic rays. Cosmic rays procduced in
the central radio region and in the radio disk leave these parts of the galaxy,
carrying magnetic fields and gas along with them. The cosmic rays are
quite securely "attached' to the lines of force of the field, and the field
itself is carried away by the gas, through which the currents produced by the
field flow. Finally, this interrelation between cosmic rays, field, and gas
motion can be close and mutual only if the energies of all these ''inhabitants"
of interstellar space are comparable. And this is actually the case!
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FIGURE 16. Effective temperature of 3.5-m galactic radio
emission.

The concentration of cosmic rays near the earth is N =4T”/~ 10" 9¢m-3,
and the mean energy density is w, ; =NE~ 1 ev/cm? (the average particle
energy is E~ 1010 ev, where 1 ev =1.6:10-12 erg). In the halo the energy
density w ;. 1S probably, onthe average, only a few times less thanthis, say,
0.3 ev/cm3. At the same time, the energy density of the magnetic field
H¥8a~ 0.3 ev/cm? for a field with H~ 4-10-% cersted. However, such fields
also exist in the Galaxy (inthe spiral, it is probably true that H~ 10~ cersted,
while at the periphery of the halo #~1-107%to 3-1076 oersted). Finally,
the mean density of the interstellar gas for a mean concentration n~ 1 0-2cm-
is of the order of p~ 2-10-2g/cm3(this gas is 90% hydrogen, and
the mass of the hydrogen atom is 1.67 -10-2¢ g). Thus the kinetic-energy
density of the gas pv?/2 is of the order of 0.3 ev/cm? for a velocity v~
~7-10% em/sec. The observed velocities of random motion of the gas masses in

3
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the Galaxy are usually several times less than this, but then the density in
observed gas clouds is considerably higher than that assumed. In general,
the mean kinetic-energy density of the gas pt?/2<we.r. -

From the foregoing it is evident that the cosmic rays in our Galaxy are
not a side product or secondary phenomenon. On the contrary, the effect of
the cosmic rays is one of the factors determining the "energetics'' of the
structure and evolution of the entire system. The same is true for most
other galaxies as well. This is evident from the fact that the energies of the
cosmic-ray radio emission in our Galaxy and in the galaxy in Andromeda
are of the same order (about 1-1038 to 3-10% ergs/sec). The two irregular
galaxies closest to us, the Magellanic Clouds, emit only /;p 2s much, but
the dimensions of these galaxies are also comparatively small. All this
implies that cosmic rays perform almost the same function in "normal' gal-
axies as they do in our stellar system. However, although this function is
important, the energy of the radio-frequency radiation of a normal galaxy is
only a small fraction of the total energy emitted, which is concentrated pri-
marily in the visible and infrared parts of the spectrum. For example, the
emission (luminosity) of the Galaxy is ~ 10* ergs/sec, which amounts to
3-10' times the energy emitted by the sun (3.86- 103 ergs/sec) and 106
times the energy emitted by the Galaxy in the radio range.

There are, however, some anoma-
lous galaxies, also known as radio gal-
axies, which emit an exceptionally
large amount of energy in the radio
range. One of the most interesting and
most familiar of these is radio source
Cygnus A. This source emits about
5+10% ergs/sec in the radio range, or
nearly 107 times that of our Galaxy.
This, of course, is the reason why
Cygnus A, which is 600 million light
vears away, has a radio "brightness"
comparable to that of the sun. Re-

Radio-emission regions

~

400000 tight years o markably enough, in the optical range
the emission of Cygnus A is about
FIGURE 17. Schematic representation of 1044 ergs/sec, which is only about 1/5
source Cygnus A. of the radio emission.
Out of scale; dimensions. in light What sort of object, then, is this
years, are tentative. unusual source? Comparatively re-

cently, it was still widely believed that

Cygnus A actually constitutes two collid-
ing galaxies. There was some basis for this point of view, since the source in
question is a double source (Figure 17). Now, however, it is considered
certain that this 1s not a case of colliding galaxies, but rather of an unusual
"explosion" of a galaxy. Such an "explosion' of a galaxy is (if we exclude
the expansion of the entire Metagalaxy, the whole observable system of
galaxies) the most grandiose and mighty phenomenon in nature. The cause
of this "'explosion'’ of the galaxy in Cygnus has not yet been established
reliably, but apparently the course of events was approximately as follows.
Several million years ago, or perhaps only one million years ago, an inten-
sive production of cosmic rays began in a hitherto relatively quiet galaxy,
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or in an enormous gas cloud from which a stellar galaxy then formed. A
possible cause of this process will be discussed at the end of the book. The
ever-increasing cosmic-ray pressure resulted in the following: rapid parti-
cles, together with the magnetic fields and interstellar gas associated with
them, were thrown outward. This "'outburst'' evidently took place along the
rotation axis of the galaxy in both directions, and it led to the formation of
"clouds' a and b in Figure 17. It is from these 'clouds, ' which are larger
than our entire Galaxy, that the radio emission of Cygnus A comes. The
stellar galaxy itself is located between the ''clouds.' Either it is now a
binary system or else it contains so much dust that there is a dark obscured
area in the middle (in Figure 17 the luminous regions are cross-hatched and
the dark area corresponds to region c).

Let us assume that the energy densities of the magnetic field and the cos-
mic rays are of the same order, and also that the electron (and positron)
content of the cosmic rays is about 1%. Then it is possible to evaluate the
total energy of the cosmic rays in the source. For Cygnus A we obtain W¢.r.~
~3-105 ergs (for our Galaxy, as will be seen below, W, ;~10% ergs). In
order to emphasize the immensity of this number, we note that the total
potential energy of the sun is Myc?=1.8- 10% ergs, since the mass of the sun
is Mo=2+10% g. The potential energy of the whole Galaxy (mass around
1011 M) is of the order of 2 -10% ergs.

The electrons lose energy as they emit radio waves, so that the bright-
ness of the source should diminish with time. If there were no '"replenish-
ment'' of the cosmic-ray energy in Cygnus A, the radio emission would
diminish considerably during the course of a million years. * In other words,
sources like Cygnus A remain extremely bright for a comparatively short
time. As time goes by, not only should the source brightness diminish, but
also the source should grow larger, because the radio-emitting ''clouds'' of
gas and cosmic rays expand and become further apart. Consequently, there
are very few sources like Cygnus A, and at distances comparable to its
distance from our Galaxy there is not even one other source with a compa-
rable brightness, although millions of galaxies exist in this region. ** How-
ever, there are also some sources which are somewhat similar, but older
and weaker, that lie even closer than Cygnus A. One of these is Centaurus
A (galaxy NGC 5128), which has a structure similar to that shown in Figure
17 except that the clouds and the distances between clouds are much bigger
(in addition, the central, "'optical' regions of Cygnus A and Centaurus A
also differ greatly. Sources even older than this are probably unobservable,
since the radio-emitting ''clouds' have become very large and dark. How-
ever, the central part of a radio galaxy may differ but little from that of a
normal galaxy (although it has been established that practically all radio
galaxies are optically bright elliptical galaxies). If radio galaxies®are sin-

* The energy of the electrons in Cygnus A is assumed to be 0.01 W¢ r,~3-10% ergs, and this source emits
5-10% ergs/sec. Thus it is clear that the emission energy varies substantially during a time of the order of
5.10% sec ~2-10° years. Such a time period, which is colossal in comparison with a human lifetime, is
very short compared to the billions of years it took for most large galaxies to evolve. A "replenishment”
of the energy as a result of the production of new cosmic rays lengthens the duration of the intensive radio
emission of Cygnus A. However, this can hardly vary the characteristic lifetime of the source by more
than one order of magnitude.

** A galaxy requires, on the average, a volume of 5+ 10° cubic light years ~ 10 cm®. The furthest galaxies
whose distances can be evaluated are 5 to 8 billion light years away. Interestingly enough, these sources
were also discovered 1n the radio range.
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gled out for their high brightness ''at present, "' then one radio galaxy cor-
responds to approximately several thousand normal galaxies. *

It should not be thought, however. that all radio galaxies are like Cygnus
A when viewed in the radio range. On the contrary, they can have a great
variety of shapes, and in addition each galaxy may have its own special
features. As an example of a radio galaxy which is quite different from
Cygnus A, let us cite Virgo A (galaxy NGC 4486). This bright galaxy is not
divided into two parts and it has the following very interesting ''detail': a
brightly luminous "ejection' (Figure 18), when viewed in the visible range.
The optical radiation of this "ejection' has a continuous spectrum and, what
is most important, is highly polarized. These two things, especially the
presence of polarization, leave no doubt whatsoever but that this is a case
of magnetic bremsstrahlung in the optical part of the spectrum. The Crab
Nebula, which is the shell of a supernova, is another well-known example
of a radio source in which there is optical magnetic bremsstrahlung (more
precisely, here the part of the Crab Nebula's radiation which has a contin-
uous spectrum is referred to; therefore, the photograph in Figure 11b was
taken essentially in the range of magnetic bremsstrahlung).

Optical magnetic bremsstrahlung is apparently observed in nebulae due
tothe presence inthem of anappreciable number of high-energy electrons. *%
The optical magnetic bremsstrahlung of the Crab Nebula and of the ''ejec-
tion" in Virgo A are polarized. This is because the depolarizing effect of
the interstellar medium is negligible at high frequencies and also because
it is possible to photograph small parts of nebulae. The degree of polar-
ization of the optical radiation of the entire Crab Nebula amounts to 9%,
whereas in individual small regions the polarization is almost complete. In
the centimeter range the polarization of the Crab Nebula is still appreciable
(at 10 cm it is about 3%, but at 20 cm it is already less than 1%).

The Crab Nebula (its other name is Taurus A) lies within the Galaxy,
about 4500 light years away from us. Thisnebulawas producedinl054A.D.,
as a result of a supernova explosion. Due to a fortunate combination of
circumstances, this star was located comparatively nearby and also in a
direction in which the sky was relatively ''clear" (that is, in which there was
only a small amount of cosmic dust). The supernova outburst of 1054 was
so bright that it was easily observable in the daytime (we should note that
even Venus, the brightest of all the stars and planets, is rarely visible by
day). Naturally, such an event did not go unnoticed, and the appearance of
a new star?t in constellation Taurus was recorded in the Chinese and

In order to avoid misunderstandings, let us recall that in astronomy time is reckoned from the moment of
observation on the earth. Consequently, when we say that a source like Cygnus A is now bright, this
actually means that it was bright 600 rmllion years ago, since thisis the time it took for the light to reach
us from this source.

Using formula (8) 1t is easy to show the following: for a field of, say, H; ~3- 107* cersted and electrons
with energies E~5+ 10" ev, the peak of the magnetic-bremsstrahlung spectrum corresponds to A=¢/Vmax~
~0.7 micron, thatis, itliesinthe visible part of the spectrum. In laboratory experiments (in synchrotrons),
in a field of H~5000 oersteds, the same emission spectrum is obtained for electrons with E~ 100 Mev =
=10%ev. Magnetic bremsstrahlung canbe observed in synchrotrons without any special difficulty.

t In the more narrow, or special, sense of the word, "new star” or "nova" is used to mean a star which flares
up so that its brightness is thousands of times less than the star in Tauras at the time of its outburst. Ac-
cordingly, this star and similar objects are termed, somewhat inappropriately, "supernova stars" or
"supernovae. " Around 100 novae flare up in the Galaxy per year, but because of interstellar light absorp~
tion only a couple of these can be seen.

xS
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Japanese chronicles of that time. The Crab Nebula is observed in that very
same place today.

FIGURE 18, Photograph of brightest (central) part of radio galaxy NGC 4486
(radio source Virgo A).

A supernova outburst is the most powerful phenomenon taking place in
the galaxies, except for the explosion of a galactic nucleus (see below). For
some days or a week after the outburst, the brightness of the optical radia-
tion of a supernova is comparable to the brightness of the entire galaxy in
which the flareup occurred. This means that the emission intensity of a
supernova at peak brightness may be many billions of times greater than the
emission intensity of the sun.

The frequency of supernova outbursts in the Galaxy has not been estab-
lished accurately. Apparently, a supernova flares up, on the average, once
every 50 to 100 years. The difficulty in determining the outburst frequency
is related to the interstellar light absorption, which hinders the observation
of supernovae in the Galaxy; another limiting factor is the relative infre-
quency of the outbursts. Supernova outbursts in other galaxies are observed
more easily. The outburst frequency depends on the type of galaxy; for
spiral galaxies there are apparently supernovae once in a hundred or several
hundred years.
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The nature of the outbursts has not yet been explained. One possible
reason is that a rapid compression of the central region may take place in
certain especially massive young stars during the course of their evolution;
this compression may be accompanied by the formation of a neutron nucleus.
(Stellar evolution is associated with thermonuclear reactions in the interiors
of stars. Sudden variations in the course of these reactions cause certain
elements to "'burn up.') The gravitational energy released during compres-
sion results in an explosion and a dispersion of the entire outer part of the
star. The expanding shells of supernovae are probably also formed in this
way. The shell of the Crab Nebula moves with a velocity of about 1000 km/ sec.
For comparison, we recall that the velocity of a close artificial satel-
lite is 8km/hr. For more than 900 years (since the time of the explosion),
the fragments of the shell have moved outward over a distance of 3 light
years, which is the present radius of the Crab Nebula. It is noteworthy that
the "'young' shells of supernovae are powerful sources of nonthermal cosmic
radio emission. The Crab Nebula has already been discussed. Other "his-
torical" supernovae also emit radio waves, although of somewhat lower
intensity: Tycho Brahe's supernova (1572), Kepler's supernova (1604), and
some others. Finally, it has been established that the most powerful source
of nonthermal radio emission in the sky, Cassiopeia A, is the shell of a
supernova which flared up about 250 years ago. The optical effect of the
outburst of this supernova was not observed, due to interstellar light ab-
sorption (Cassiopeia A if of the order of 10,000 light years away). The ve-
locity of dispersion of the shell of this supernova is more than 7000km/sec!

The intense radio emission of the shell of a supernova is undoubtedly
connected with the presence in the shell of a large number of relativistic
electrons. There is also considerable evidence that a great many other
high-energy particles {cosmic-ray particles) are present in the shells.

In the last 3 or 4 years some important discoveries have been made which
have a close bearing on the material being discussed here. First, the
x-ray emission fromthe Crab Nebula, and from several other objects whose
natures are as yet unclear, was discovered. This will be discussed in
more detail in the next chapter.

Second, as already noted, a ''compact' radio source was detected in the
Crab Nebula. The smaller source radiates at 8 to 12m and is only a few
times weaker than the entire nebula. This compact source is only about
1073 light year in size (~10!% em). This is 1/;5,, of the size of the nebula
itself in the radio range and in order of magnitude it corresponds to the
dimensions of the solar system. The nature and structure of the compact
source in the Crab Nebula are unknown, but most likely this source is
associated with the debris of the supernova. It may be, for example, a star
with a neutron core, surrounded by an intense magnetosphere (which pos-
sesses a large magnetic moment) and by an extended gaseous envelope
("corona'').

Third, an even more impressive discovery was made a few years ago
(1963), namelythe discovery of quasistellar sources, orquasars (also some-
times called superstars). The radio sources listed in the 3rd Cambridge
Catalog (these sources are designated by the code 3C with an appropriate
number after it) include several objects whose locations almost coincide
with those of optical sources which are indistinguishable on the photographs
from ordinary stars. In addition, these radio sources have anomalously
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small angular dimensions. Consequently, for some time it was thought that
a new type of star had been discovered, a star which was very bright in the
radio range ("radio star''). However, these sources actually turned out to
be quasars, which are starlike radio sour :es located far beyond the limits
of the Galaxy and which are objects of an entirely new type. These objects
(quasars) have optically bright cores (nu-lei) which are comparatively
small, from 0.01 to several light years in size. And the amazing thing is
that this '"'nucleus, "' whichhas a diameter 11any thousands of times less than
that of our Galaxy, sometimes emits tens cf times as much light as the
entire Galaxy! For example, the very brigat quasar designated as source
3C 273-B emits 100 times as much light as our Galaxy in the visible part of
the spectrum alone. Thus quasar 3C 273-B, which is about 11/, billion light
years away, shows up as aquite bright star on photographic plates. The situa-
tionis similar for quasar 3C 48, whichistwice asfaraway (Figure 19). Only
by spectral analysis is it possible to differentiate between quasars and stars
and to determine the distance to a quasar. *

FIGURE 19. Photograph (negative) taken through 200-in. telescope, Quasar 3C 48
indicated by white arrow.

* The entire observable universe (or, as it is called, the Metagalaxy) is expanding, that is, the distances
between remote galaxies are continually increasing. The greater the distance between galaxies (in partic-
ular, between our Galaxy and any other one), the greater will be the velocity of their separation. The
wavelength of the radiation emitted by a receding object is known to increase, to shift toward the red
(Doppler effect). Consequently, the further away a galaxy is from us, the greater will be the red shift of
its spectral lines (also known as the cosmological red shift). Thus red~shift measurements indicate the
distance to a galaxy or quasar. For quasars 3C 273-B and 3C 48, the relative wavelength variations ———A;l"

0
are, respectively, 0.16 and 0,37. For one of the remotest quasars known today, quasar 3C9, this ratio is

A—ho _gq.
o =2(
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So far it has not been determined whether a quasar is the nucleus of some
existing stellar system (galaxy) which is not visible on photographs, or
whether it has no connection with any galaxy and is simply a gigantic vari-
able star (superstar) formed from the intergalactic gas. In any case, there
is probably some relation between quasars and exploding galactic nuclei
(such explosions are typical and they lead to the formation of radio galaxies).
Incidentally, in1963 astronomy was enriched by a photograph of an explosion in
one of the comparatively weak, but at the same time nearby, radio galaxies,
galaxy M 82 (where M stands for Messier's catalog). This photograph
(Figure 20) shows masses of hydrogen moving out from the central part of
the galaxy (the explosion occurred about 1!/, million years ago). Just as in
the case of Virgo A and the Crab Nebula, part of the visible radiation of
galaxy M 82 is polarized and doubtless is associated with magnetic brems-
strahlung. In all probability, the same applies to most of the optical and
radio emission of quasars. As we have already mentioned, the nucleus of
our Galaxy may also be a small quasar which emits magnetic bremsstrah-
lung. However, in the place where the magnetic bremsstrahlung is pro-
duced, there are relativistic electrons and, most likely, heavier particles
(that is, cosmic rays) as well.

FIGURE 20. Explosion in radio galaxy M 82. Photograph taken through 200-in.
telescope.

To sum up, cosmic rays are found in the Galaxy and in other "normal"
galaxies; they are especially numerous in radio galaxies, and they are pro-
duced in great quantities during supernova outbursts and explosions of gal-
actic nuclei. Cosmic rays (or, more precisely, their electron component)
are responsible for a considerable portion of the cosmic radio emission.
Thus, radio astronomy has added immensely to our information on cosmic
rays, and it has shown that they essentially pervade the entire universe.
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Chapter 3
GAMMA-RAY AND X-RAY ASTRONOMY

For a long time cosmic rays far away from the earth (and outside the
range of rockets) could be studied only according to their radio-frequency
and (to a lesser degree) optical magnetic bremsstrahlung. Now, however,
the situation is different, since quite definite cosmic-ray information can
also be obtained using the techniques of gamma-ray and x-ray astronomy.

Whereas radio astronomy extended the useful spectrum of electromagnet-
ic waves toward longer wavelengths (from millimeters to hundreds of me-
ters), gamma-ray and x-ray astronomy widen this spectrum on the short-
wave side (wavelengths less than a few Angstréms).* Thus the range of use-
ful waves became incomparably wider than the narrow "optical transmission
window'' in the earth's atmosphere, which throughout the entire preceding
period had set a limit to astronomical observations (Figure 21),

It will be advisable to discuss gamma-ray and x-ray astronomy at some
length here. First, it should be noted that there is no clear-cut definite
boundary between gamma (v ) rays and x-rays. Generally, the following two
types of radiation are called x-radiation: the short-wave (A< 10 to 100 A)
radiation emitted by fairly heavy atoms, and the radiation produced during
the deceleration of quite rapid, but stillnonrelativistic, electrons. When such
radiation is emitted by atomic nuclei, it is more commonly known as y-radi-
ation, Usually, though, y:rays are harder (they have lower wavelengths)
than x-rays. Let us take this (and only this) as our basic criterion and let
us call, albeit somewhat arbitrarily, all photons with energies greater than
0.1 Mev= 103 ev (that is, with wavelengths shorter than 0.1 A) ¥ rays. Ra-
diation with a wavelength higher than this (0.1 A< <100 A, 100 ev< Ep <
<10%ev) will be called x-radiation.

Gamma-Ray Astronomy

Let us begin by listing the various processes which can produce y-rays.
1) During certain transitions between levels in atomic nuclei, y-rays
with energies up to about 10 Mev are produced (Figure 23a).

* letusrecall that 1 & (Angstrém) =10""cm=10"* 1 , and that the energy of light quanta (photons) is Ey=
=hv, wt;ere h is Planck's constant and v is the radiation frequency. The wavelength X =12,345/Ey, where
Aisin A and Egisinev,
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2) Gamma rays are generated during the
annihilation of electron-positron pairs (Fig-
ure 22b). If the electron and positron have
low velocities and the annihilation takes place
in a vacuum, then usually only two vy-photons
are produced. Each of these has an energy
mc?=0.51 Mev, where m=9.1- 102 g is the
electronic mass.

3) Gamma rays also appear when elec-
trons having velocities close to the velocity
of light are decelerated, for instance, as a

! result of collisions with protons or stationary
‘ electrons. Then electromagnetic radiation
equivalent to photons with energies Ey<E,
will be emitted (Figure 22¢). Consequently,
i braking y-rays are produced by electrons
: with energies E.> 0.1 Mev.
| 4) Electrons with fairly high energies
' also generate y-rays as a result of scatter-
ing on optical (light) photons (the so-called
Compton effect). * In the latter process
rapidly moving electrons impart some of
their energy to light photons when they col-
lide with them (Figure 22d). Thus the energy
of the scattered photons is, on the average,
(E/ mc?)? times greater than the photon ener-
gy before scattering. For example, photons
with energies of about 1 ev produce vy-rays
with energies Ey> 0.1 Mev, when they are
scattered on relativistic electrons (with en-
ergies £> 300 mc? =~ 150 Mev) moving in a
direction opposite to them.

5) Neutral (#°) and charged (7*) mesons
are produced when cosmic rays collide with
nuclei of the interstellar gas. The neutral
mesons decay very rapidly, and two gamma-
ray photons are generated (Figure 22e). The
energy of these photons depends on the veloc-
ity of the 7° meson prior to decay and on the
direction of its motion, but it almost always
exceeds 50 Mev.

Therefore, except for nuclear and annihi-
lation y-rays with comparatively low ener-
gies, the basic role in the generation of y-radiation is played by fast parti-
cles, particularly cosmic rays (including the electron component).
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FIGURE 21.

® The scattering of y-ray photons on stationary or slowly moving electrons is usually called the Compton
effect. Accordingly, the scattering of high-energy electrons on optical photons (for solar radiation the
average energy of these photons is about 1 ev) is sometimes known as the inverse Compton effect. In both
cases, however, we are dealing with the very same phenomenon, so only the term "Compton effect” will
be used here.
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The intensity of the y-rays produced in some part of the universe will
obviously be proportional to both the intensity (flux) of the cosmic rays gen-
erating them and the concentration of gas (or of photons, :1 the case of pro-
cess 4) in this region. Jome information on the distribution of interstellar
gas has already been obtained using the techniques of optical and radio as-
tronomy. This, as well as the distribution of cosmic rays throughout the
universe, was discussed earlier in the book.
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FIGURE 22. Processes in which gamma rays are generated:

a) radiation caused by excitation of atomic nucleus; b) annihilation of electron-pos-
itron pair; ¢) bremsstrahlung from collision of electron with nucleus; d) scattering of
electrons on photons (Compton effect); e) creation and decay of n® mesons.

Unlike cosmic rays, but similarly to radio waves, y-rays propagate
through the universe in a rectilinear manner, almost without absorption,
Therefore, v -ray observations provide, in principle, a direct means of
studying the lateral distribution of the cosmic rays producing the y-rays. In
addition, such observations may give more accurate data on the gas densi-
ties in interstellar and intergalactic space.

Of particular interest is the possibility of studying the Metagalaxy using
gamma-ray astronomy. So far, very little has been learned about cosmic
rays in the Metagalaxy (that is, outside of the Galaxy). However, the initial
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results of gamma-ray astronomy have already made it possible to draw
some important conclusions concerning this subject.

The intensity of v-rays with energies greater than 50 Mev was measured
by the satellite Explorer XI. The upper limit of the gamma-radiation flux
from space was found to be ~ 10 photons/m? sec.

These data show that the intensity of the electron component of cosmic
rays in the Metagalaxy is considerably less than (Y40 of, and perhaps even
/00 Of) the corresponding intensity in the Galaxy. Otherwise, as a result
of Compton scattering on light photons emitted by stars and galaxies (pro-
cess 4), the v -ray flux would be higher than the upper limit established by
the experiment (analogous conclusions will be drawn below with regard to
x-rays).

The low intensity of the electron component makes it very probable that
the total cosmic-ray intensity (protons and heavier nuclei included) in the
Metagalaxy is also low. A definite verification of this conclusion will be
possible when experiments on the observation of cosmic y-rays are made
more accurate, and in particular when the observed intensity of y-rays from
process 5 (production and decay of 7° mesons in intergalactic space) is eval-
uated.

The metagalactic gamma radiation comes toward the earth uniformly
from all directions. The gamma radiation of galactic origin, on the other
hand, is nonisotropic. For example, the galactic y-rays produced by 70-
meson decay (process 5) will, in the main, come from the direction corre-
sponding to the center of the Galaxy, since most of the interstellar gas is
concentrated in this direction.

In addition to the overall metagalactic and galactic gamma radiation gen-
erated in intergalactic and interstellar space, y-rays emitted by individual
sources (particularly quasars) are also of great interest. Most of the opti-
cal radiation of quasars is assumed to have a magnetic-bremsstrahlung ori-
gin. If this is indeed the case, then in the emission region (around the "nu-
cleus' of the quasar) there will be a large number of relativistic electrons.
However, there will also be a very high density of optical radiation in this
region (high concentration of optical photons). This follows from the rela-
tively small size of a quasar and from its gigantic optical luminosity (opti-
cal-emission intensity). As a result of this combination, a quasar should be
an especially powerful source of Compton y-rays, produced by scattering of
optical photons on relativistic electrons (process 4).

In other words, quasars may turn out to be very powerful y¥-ray sources,
as well as outstanding sources of optical radiation. Unfortunately, as far as
we know, no attempt has as yet been made to record the gamma radiation of
quasars. Moreover, such measurements will be especially difficult if qua-
sars turn out to be somewhat larger than thought, as a result of which the
photon concentrations at their ''surfaces' will be correspondingly less than
those given by optimistic estimates. However, one thing is quite clear: the
reception of gamma radiation from discrete sources is quite feasible,
and such y -ray measurements may well open up new horizons in astronomy.

In order that this possibility will not appear to be too problematic, we
note that the gamma radiation from one '"discrete'' source can not only be
received but is even actually measurable. Here we are referring, of course,
to the sun. The importance of solar processes to life and to the practical
activities of man is well-known. Of special interest in this respect are

43



solar flares, which throw out fluxes of hot plasma, cosmic rays, x-rays,
and intense radio emission. Recently it was established that y-rays are al-
so generated at the time of flares (gamma radiation with an energy of about
0.5Mev was recorded). Obviously, gamma-ray telescopes have now become
a permanent part of the instrumentation used for solar research.

Previously, we associated the development of gamma-ray astronomy
with the raising aloft of the appropriate equipment (which may be called the
gamma-ray telescope) aboard satellites and rockets. Actually, the basic
technique of gamma-ray astronomy consists in equipping satellites and
rockets with the types of counters used in nuclear physics to record y-rays.
However this is not the only method. Cosmic gamma radiation of suffi-
ciently high energy can also be recorded in the earth's atmosphere, accord-
ing to the secondary products it creates (''showers' of electrons, positrons,
and softer y-rays).

If we take into account the advances made in the technology of satellites
and rockets, and also the diversity of methods for recording y-rays and the
secondary particles they produce, it becomes quite clear that better and
better gamma-ray telescopes will now be constructed.

X-Ray Astronomy. Neutron Stars

As we have already mentioned, x-rays are produced at the time of a so-
lar flare. Solar x-rays have been observed repeatedly and have provided
valuable information on the processes developing in the solar atmosphere.
The sun is a single phenomenon that can be studied using many methods:
optical, radio-astronomical, cosmic-ray variations, etc. Solar x-radiation
should thus be discussed within the framework of solar physics. However,
this subject will not be treated in detail here, particularly since cosmic
x-radiation of nonsolar origin has been discovered and found to be of great
importance.

Experiments made with rockets in 1962 and 1963 showed that an isotropic
(background) x-radiation exists, which arrives approximately uniformly
from all directions. In the wavelength range between 2 and 8 A {which cor-
responds to photon energies from 1.5 to 6 kev) an "'x-ray telescope'' consis-
ting of photon counters records a flux of ~ 20 photons/cm? sec. In addition,
discrete sources of x-radiation were discovered in Scorpio and Taurus, and
then more than ten other, weaker, sources as well, The fluxes of x-ray
photons from the sources in Scorpio and Taurus (in the above wavelength
range) are respectively, 20 and 2.5 photons/cm? sec.

Let us try to determine the nature of the cosmic x-radiation, especially
the radiation of the ""discrete' sources, which might arbitrarily be called
"x-ray stars.'" No completely definite information has been obtained on this
subject as yet. Like y-rays, x-rays may be generated when electrons de-
celerate or collide with ions, or else by electron scattering on optical pho-
tons (processes 3 and 4 in Figures 22c and 22d). The only difference is that
x-rays are produced by electrons with comparatively low energies (say, less
than 30 to 100 Mev), and practically nothing is known about the quantity of
such electrons in different parts of the universe. The latter fact is addi-
tional evidence of the value of x~ray astronomy, which provides us with data on



electrons with the corresponding energies. It should also be kept in mind
that x-rays may be produced by relativistic electrons with £>10% to 10° ev as
well (that is, by the electron component of cosmic rays), as a result of mag-
netic bremsstrahlung and scattering on radio photons. In the latter case the
radio photons have energies E4=hv= 10-3to 1075 ev (A~0.1 to 10cm), and
there are a comparatively large number of these in the universe (thermal
radiation with a temperature of about 3°K; see p.28).

The observed isotropic x-radiation (x-ray background) may be produced
in intergalactic space by Compton scattering of relativistic electrons on
optical and radio photons. Although this subject is very interesting* and
means exist for finding out more about it (here we are referring mainly to
spectral observations and to confirmation of the existence of the isotropic
radiation), the problem of ''discrete' x-ray sources is a considerably more
important one. The primary reason for this is that these sources may be
neutron stars, objects which became of interest (although only in theory, of
course) as long as about 30 years ago.

The emission of a star is ordinarily maintained by the energy released
in nuclear reactions which go on in the stellar interior. As the nuclear fuel
"burns up, " the star gradually contracts and turns into a dwarf star, con-
sisting of dense ionized gas. However, as the star cools further, calcula-
tions show that it may be energetically advantageous for the star to change
into a.neutron state. This means that protons p combine with electrons e” to
become neutrons n, a neutrino v being emitted in the process (p+e-—=n+tv).

In the neutron state a star (called a neutron star) has about the same density
as atomic nuclei, which are made up of protons and neutrons (the mean den-
sity of nuclear material is about 10'* g/cm3= 100,000,000 tons/cm?). There-
fore, if a star with the mass of the sun changes into a neutron star, its
radius will be only about 10km, whereas the radius of the visible solar pho~
tosphere is 700,000 km (the mean density of the solar material is about equal
to the density of water, that is, 1 g/cma). The amount of light emitted by a
star will obviously be proportional to its surface area (to the square of its
radius). Consequently, if the sun were to become a neutron star (which is
quite improbable in our time), then for the same surface (photosphere) tem-
perature the amount of light emitted by it would be billions of times less.
For this reason it was thought for a long time that neutron stars would be
unobservable, unless by some miracle they were situated quite nearby.

Thus a dramatic situation was created: a hypothesis which was very inter-
esting and of great importance for astrophysics had little hope of ever being
verified.

During the last 3 or 4 years, however, it has become clear that this is
not the case. Actually, while it is forming, a neutron star becomes heated
and for some time (let us say, for hundreds of years, but perhaps for a
much shorter time) it may be much hotter than the solar photosphere, the
temperature of which is about 6000°K. But the hotter the body, the more it
radiates: at thermal equilibrium the energy of electromagnetic radiation is
proportional to 7%, where T is the surface temperature. Moreover, the

If the whole of metagalactic space were filled with relativistic electrons having the same concentration as
in the Galaxy, the intensity of the x-ray background would be 1000 times higher than that observed. Thus
it follows that in the Metagalaxy the concentration of the particles producing the cosmic-ray electron com-
ponent is less by at least a factor of 1000 than the concentration in the Galaxy.
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hotter the body, the more short-wave radiation it emits, in general, so that
at the spectral peak the product of wavelength A times temperature 7 re-
mains the same (displacement law). Accordingly, stars with temperatures
of ~ 107 degrees will emit mostly x-rays.* The intensity of this radiation is
so great that present-day ''x-ray telescopes' should pick up neutron stars
which are thousands of light years away.

Naturally, this subject received the close attention of astronomers and
physicists in many countries immediately after the '""discrete' x-ray sources
in Scorpio and Taurus were discovered. Could not these ''x-ray stars'' be
hot neutron stars? At first glance this hypothesis seems easy to verify.
For instance, neutron stars are so small that x-ray sources associated with
them should appear to be point sources, for a very high angular resolution.
Moveover, the frequency spectrum of thermal emission is quite well-known,
so it is possible, in principle, to ascertain whether the source is thermal or
not (under the simplest conditions the emission of a neutron star should be
thermal). However, it would not do to overlookthe shortcomings of the new
science of x-ray astronomy. Existing instruments cannot as yet carry out a
spectrum analysis, and angular resolution is a veritable '"Achilles' heel'' of
x-ray astronomy. Whereas in optical and radio astronomy angular resolu-
tions of 1" are not uncommon, the resolutions of ''x-ray telescopes" were at
first several degrees and even now do not usually exceed an angular minute. **
Since this is the case, direct determinations of the angular sizes of x-ray
sources are not possible, if these objects are considerably less than 1' in
size.

Moreover, it is very difficult to identify x-ray sources with visible ob-
jects. For example, right after the x-ray source in Taurus was discovered,
it seemed quite probable that it was the Crab Nebula. However, this r.ebula
has an angular size of about 5’, whereas the source location accuracy in the
first experiments did not exceed several degrees (that is, it was tens of
times lower than that required to identify the x-ray source with the Crab
Nebula). The nature of the x-ray source was even more unclear: it could
have been a neutron star located in the Crab Nebula, which had remained
after the supernova outburst, or it could have been an extended source asso-
ciated with this nebula. The moon helped solve this important problem.

On 7 July 1864 the moon occulted the Crab Nebula., At this time a rocket
carrying x-ray counters was sent up, and it was found that the signal from
the x~ray source begins to weaken just when the Crab Nebula is occulted by
the moon. However, as occultation took place, the signal strength (the num-
ber of x-ray photons recorded per unit time) decreased gradually rather
than sharply. This makes it quite certain that the x-ray source in the nebu-
la is not a neutron star (because of its negligible angular dimensions, such
a star would be covered at once and the signal received from it would drop

® The peak of the solar spectrum is reached at » =5000 A. Consequently, for T=10" degrees the wavelength
3 = 5000 - 6000
10”

** The angular resolving power of a gamma-ray or x-ray telescope is limited not by diffraction, which in this
case is negligible, but by the very geometry of the instrument, the dimensions of the counters, etc. We
know of only one experiment {not counting the method of lunar occultations to be described below) in which
a resolution better than 1' was attained. This was carried out in 1966 and it specified the angular size of a
very powerful x-ray source (the source in Scorpio) as being less than 20",

= 34 will cormrespond to the peak.
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sharply to zero; the role of diffraction at the limb of the lunar disk, which
is important in the radio range, is completely negligible in this case). The
angular size of the x-ray source in the Crab Nebula is about 2°'.

In all probability, the x-radiation of the Crab Nebula is connected with
magnetic bremsstrahlung, just like the radio emission and most of the visi-
ble radiation of this nebula. It follows from formula (8) that, in a field with
H ~1073 oersted, electrons with energies E~ 1013 ev will be emitted for
xradiation with a frequency 1=¢/A~ 10! cps (A~ 3 &). In principle, these
electrons may be supplied by the active remainder of the supernova. A con-
clusive proof of this assumption can be obtained only as a result of a more
detailed study, in particular by a determination of the emission spectrum
and, especially, by ascertaining the polarization, Therefore, at present it
is still possible that the x-radiation from the Crab Nebula is related to mag-
netic bremsstrahlung (process 3). However, no matter what the final an-
swer may be, the discovery of x-radiation coming from the shell of a super-
nova has great significance. Recently x-radiation (apparently related to
bremsstrahlung) was also found to be coming from the shell of supernova
Cassiopeia A.

Even though it turned out that the x-ray source in the Crab Nebula was
not a neutron star, it may still be possible to observe neutron stars accor-
ding to their x-radiation. However, it is now believed that neutron stars
may enter into a special (''superfluid') state, which leads to a more rapid
cooling of the star. There are also other reasons for believing that the "hot
phase' of a neutron star only lasts for a short time. Therefore, it may be
that a distant neutron star can be observed in the x-ray range only for a few
years, months, or even days after its formation. Conditions may also exist
under which a neutron star stays hot for a long time. * In addition, the fre-
quency of occurrence of neutron stars in the Galaxy is unknown. Thus it is
not completely certain that it will be possible to observe any neutron stars
in the near future. But is scientific research carried out only when the
result is already known or when there is nc doubt that the research will be
successful? As we know, this is far from being the case, and thus searches
for neutron stars will definitely be one of the most interesting tasks of x-ray
astronomy.

The brightest x-ray source lies in the constellation Scorpio (source
Scorpio XR-1 or, according to another system, Scorpio X-1). This source
was the first one discovered (1962 -1963), but the nature of Scorpio XR-1
was actually clarified only in 1966. A small "blue'" star was found to be
located at the site of this source, evidently a former nova. Most, and pos-
sibly all, novae are close binaries, that is, they are actually two stars ly-
ing close to one another and revolving around their common center of grav-
ity (at the time of a nova outburst one of these stars throws out a gaseous
shell or several shells). If the mass of one of the stars is much greater
than that of the other, then this "heavier' component of the binary will at-
tract gas from the shell of the other (lighter) star. As a result, there is a
flow of gas to the heavy star. If the radius of the latter is small (especially
if it is a neutron star), then the gas incident on its surface will be traveling
very fast and will heat the surface layer of the star considerably. In short,
for such a close binary system, under the proper conditions there will be an

*® This will be the case if a neutron star is located in a fairly dense cloud of gas. Then, the incident gas flow
becoming attachedto thestar as a result of its gravitational attraction (the so-called accretion) will heat it up.

/
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intensive gas flow and a concomitant heating both of this gas and of the sur-
face of one of the stars. It is quite probable that these factors are respon-
sible for the high x-ray luminosity of source Scorpio XR-1 and objects simi-
lar to it. Therefore, in this case the x-radiation is associated with brems-
strahlung. Such a conclusion is in full agreement with spectral data for
Scorpio XR-1, since the latter data are identical to the data for bremsstrah-
lung of a hot gas (temperature T~ 5107 degrees). Consequently, there are
two kinds of x-ray sources in the Galaxy: extended sources (shells of super-
novae) and starlike sources (probably, stars which are former novae and in
general are close binaries). It is also quite possible that there are neutron
stars which are bright in the x-ray range (that is, which are fairly hot).

In all probability, there are similar sources in other galaxies. However,
it is even more interesting to consider the possibility of an x-ray galaxy,
that is, a galaxy which is especially bright in the x-ray range. In this case
we would be dealing with x-radiation from enormous clouds of hot gas or
else with magnetic x-ray bremsstrahlung from regions of galactic size. In
1966 such an intense x-radiation was thought to have been detected in the
emission of radio galaxies Cygnus A and Virgo A. However, in the case of
Cygnus A this result was contradicted by other observations, while the
existence of x-radiation from Virgo A remains an open question (the mea-
surements have not been repeated). Studies of the x-radiation of extra-
galactic objects (galaxies, radio galaxies, and quasars) constitute one of the
most important, and one of the most disturbing, tasks of x-ray astronomy,
and actually of astronomy as a whole. Whatever the solution of this problem
will be, we have seen that the initial steps of gamma-ray and x-ray astron-
omy have already led to some significant results and discoveries. Undoubt-
edly, a great deal of new information concerning the structure of the uni-
verse will be obtained using these methods. In this respect, it is especially
significant that the cosmic gamma and x-radiations are intimately associated
with ordinary cosmic rays. Thus we have one more means of studying cos-
mic rays in the universe at tremendous distances from earth.
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Chapter 4

THE ORIGIN OF COSMIC RAYS

According to observational data, in our Galaxy cosmic rays are definitely
produced by the sun and during supernova outbursts. Therefore, it is nat-
ural to assume that other stars can also emit cosmic rays. But what role
do the different sources play, and how are the cosmic rays which reach the
earth produced? And how are charged particles accelerated to cosmic-ray
energies as a result of supernova outbursts, as well as on the sun and other
stars ? Such questions concerning the sources and acceleration mechanisms
of cosmic rays can also be asked, of course, in relation to other galaxies,
and in particular in relation to radio galaxies and quasars.

A theory of the origin of cosmic rays should provide answers to all such
questions. Let us begin with our own Galaxy and the origin of the cosmic
rays observed near the earth (to simplify the discussion, it will not be stip-
ulated in the following that just our Galaxy is referred to).

The Energy Balance. Cosmic-Ray Sources

One of the most important requirements which a cosmic-ray energy
source must satisfy is based on energy considerations. The protons and
nuclei which constitute the main part of the cosmic rays are continually
losing energy as a result of collisions with nuclei of the interstellar medium.
The effective cross sections for such collisions are known, albeit not very
accurately. These are listed in Table 2 for collisions of the nuclei of dif-
ferent groups, moving in hydrogen. The interstellar gas is a mixture
whose composition was given back in Table 1 (Chapter 1). The discrepan-
cies introduced when the medium is assumed to be hydrogen are not great,
and they are certainly not significant, in view of the fact that the density of
the interstellar medium is not accurately known. Table 2 also shows some
tentative values of the mean free path / and the time of free particle flight,
for a medium with an average hydrogen concentration n=0.01 cm” 3

As a result of the splitting up of heavy nuclei, lighter nuclei and protons
are produced, but the mean energy per nucleon varies comparatively little.

* The mean free path [ is defined as 1/on, where o is the effective cross section and n is the mean concentra-
tion of nuclei of the medium (in the given case hydrogen nuclei (protons)). The quantities !, ¢ and n are
measured correspondingly, for example in cm, cm? and em™® In g/cm? the quantity ! is equal to p/on,
where p=Mn is the mean density of the medium and M is the mass of the nuclei which make up the medi-
um. For hydrogen M=M, = 1.67 -10-* g, The lifetime Tp for collisions with a mean free path [=1/on is
Tp=Il/u=l/c, since the cosmic-ray velocity v is essentially equal to the velocity of light c.

49



Consequently, the losses in cosmic-ray energy are determined by the nucle-
ar lifetime of the protons, To=5* 10° years ~ 1.5 10 seconds. However, this
willbe the case only in the absence of other losses, aside fromthe losses due to
nuclear collisions. Inpractice, for protons and nuclei with cosmic-ray ener-
gies, only the escape of cosmic rays from the Galaxy (from the halo)into extra-
galactic space need be considered in addition to nuclear collisions. Unfor-
tunately, the time T, characterizing such particle escapes is not accurately
known. It may be assumed to be ~ 3108 years. Therefore, taking into
account the approximate nature of the evaluations to be carried out below,
the effective (from the point of view of energy losses) lifetimes of cosmic
rays in the Galaxy will be of the order of Te~ 3 10% years ~ 10% seconds.
For heavy nuclei the lifetime of the nucleus will be Th < 2~ 108 years. Con-
sequently, the lifetimes of cosmic rays, and especially of heavy nuclei, are
considerably less than the age of the Galaxy, Tg~ 10% years ~ 3 -10'7 sec-
onds. Thus it is clear that the cosmic rays being observed today, most of
which were produced in the form of nuclei, are ''young' in comparison with
the age of the Galaxy.

TABLE 2. Effective cross sections, mean free paths, and life-
times of cosmic rays

Effective cross | Mean free i
Nucleus i Lifetime Th=1q,
roup section o, 1n path 1, 10" vears

& units of 10-2% ¢m? g/cm? Y
P 23 74 50
o« 9 18 10
L 23 73 5
M 29 5.8 4
H 48 35 2
VH (Fe) 70 24 15

The galactic halo, which is full of cosmic rays, has a volume of about
V~4TRR3~ 10%® ¢m?®, since the mean radius of the halo is R~ 3 -10* light

years =3 102 c¢m. Assuming an average cosmic-ray energy density in the
halo of w.; ~ 0.3 ev/em®~5-10"8 erg/cm3, we find the following value for
the total energy of the cosmic rays in the Galaxy: Wer ~w¢, V~ 10% ergs.

If the supply of new cosmic rays were to stop, the total cosmic-rary energy
of the system would change significantly during the lifetime 7.~ 10 § seconds.
Obviously this means that, to maintain an equilibrium state in which the
cosmic-ray energy in the Galaxy does not change, the sources of these rays
must have a power

U~ W;e-’-~1o4°~_104l:—2—§. (13)

where the larger of these values is indicated in order to have the required
error margin for the calculations.

It is not so easy to provide a source power of the order of 10% erg/sec.
The avera%e power of solar cosmic rays, for example, apparentliy does not
exceed 10% to 10% erg/sec. Therefore, even if all the 10" or 10" stars
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of the Galaxy emitted cosmic rays with powers comparable to that of the
solar cosmic rays, the total would be only 10™* to 107 % of that required to
maintain the balance. This example is very significant. To say that cosmic
rays may be generated on stars by no means explains the origin of all the
cosmic rays observed at the earth. In order to substantiate the purely
"stellar'' origin of cosmic rays, it must be assumed that very many stars
are incomparably better cosmic-ray emitters than the sun. In this respect
the hypothesis of a "stellar' origin for most cosmic rays runs into serious
difficulties. Aside from the energy considerations, it should be mentioned
that solar cosmic rays have an energy spectrum and chemical composition
which are quite different from those of the cosmic rays coming to us from
interstellar space. (In order to avoid misunderstandings, let us note that
here a ''stellar'' origin of cosmic rays refers only to the acceleration of
particles at nonexploding stars.) It is our opinion that the hypothesis of a
stellar origin for most cosmic rays cannot be well substantiated at present,
particularly since the origin of cosmic rays can be explained in terms of
supernova outbursts.

The following arguments speak in favor of such an explanation. The
presence of a large number of electrons with cosmic-ray energies in the
shells of supernovae has been definitely ectablished. The energies of these
electrons in Cassiopeia A and in the Crab Nebula amount to 1047 to 1048 ergs.
The energies of all the cosmic rays in some of these sources are probably a
hundred times higher.* Consequently, in each supernova outburst (or at any
rate in some of them), cosmic rays having energies up to 10% to 10% ergs
are produced, and these energies may reach 10° ergs (see below). Some
50,000 t0150,000 years after the explosion of a star, the shell has essentially
become dissipated in the interstellar medium, andthe cosmic rays disperse
in free space. This takes place mainly in the regions where most of
the stars are, such as in the spiral arms and in the central regions of the
Galaxy. However, the cosmic rays do not remain for long in the place
where they were created: moving along the force lines of the field, they
fill the entire galactic halo.

Values of 10*® or 10% ergs for the cosmic-ray energies in the shells may
be somewhat exaggerated (for example, as noted, the energy of all the cos-
mic rays in the Crab Nebula may be of the order of the energy of the electron
component alone). On the other hand, some of the cosmic rays may leave
the shell during an earlier stage of its development, that is, during the
actual supernova explosion. The total energy liberation during a supernova
outburst attains 10* to 10! ergs, and it may even be 102 ergs. Therefore,
the average power of the cosmic rays entering interstellar space from
supernovae can be evaluated. It will be equal to the outburst energy Wo,;~
~10%¢t0 1051ergs divided by the average time Tou: between outbursts, which
is 50 to 100 years. Thus the power of the cosmic rays generated by super-
novae is

U Wour 3. qom_3. 10058, (14)
S Tout sec

* This value was obtained from a comparison with data on the cosmic rays in the Galaxy, from considerations
of the approximate equality of the cosmic-ray energy and the energy of the magnetic field, and also from
an analysis of the dynamics of shell dispersion. However, it should be noted that in the case of the Crab
Nebula and similar supernovae (supernovae of type D the energy of all the cosmic rays probably is not an
order of magnitude higher than the energy of the electron component.
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If we compare this value with the required power (13), it is easy to see
that supernovae can actually ensure that the balance be maintained. It
should be also mentioned that there are no existing observational data which
provide definite evidence of the existence in the Galaxy of other cosmic-ray
sources having a power comparable to that of a supernova. However, if we
make use of more or less plausible estimates rather than observational
data, then novae may be significant as well. The energy released during a
nova outburst is thousands of times less than that for a supernova, but at
the same time novae occur thousands of times more frequently. The fact
that no radio emission has as yet been detected from novae is not a decisive
factor, since very weak radio sources are difficult to detect and identify.

Possible explosions of galactic nucleiare hypothetical cosmic-ray sources
which are even more important than novae. We have noted that, at present,
the nucleus of our Galaxy does not seem to be an especially active region.
However, a certain activity and some nonthermal radiation is observed in
the nucleus. Moreover, radio galaxies and several other galaxies (and
possibly quasars as well) are proof that galactic nuclei can explode. In all
probability, such an explosion (for instance, the explosion in the photograph
of galaxy M 82 shown in Figure 20) is not an explosion of a large number of
supernovae but rather the explosion of a single gigantic supernova (having a
mass of as much as 108 Mp). It may be that such explosions have sometimes
also taken place in the nucleus of the Galaxy, which is similar to a small
quasar; the last explosion, of course, would have occurred from 3 - 10" to
5-107 years ago or even earlier. The explosions in the nucleus of the Gal-
axy were probably not very powerful (otherwise the Galaxy would now most
likely be a radio galaxy, which is not the case). ''Small explosions" which
liberate an energy Wey,~ 10% to 1056 ergs in cosmic rays will, if they occur
every 3 - 107 to 10° years on the average, correspond to an average injection
power Ugyp~ 1049 to0 10% erg/sec. In this case the explosions would play
approximately the same role as supernovae, but the reserve of cosmic-ray
energy W, in the Galaxy would undergo marked oscillations. Definite
means exist for checking this possibility, but as yet the problem has not
been solved satisfactorily. Rather, preliminary data indicate that there
have been no marked variations of W, ; during the last 108 to 10° years and
in general they conflict with the assumption that a sizable part of the cosmic
rays observed at the earth are the product of one or two powerful explosions.
However, there are no real objections to small explosions in the nucleus of
the Galaxy, and in fact there is even certain evidence which indicates that
such explosions do occur.

Thus, at present it is more probable that the majority of the cosmic rays
in the Galaxy are produced during supernova outbursts, and possibly during
nova outbursts as well, and in particular during explosions in the galactic
nucleus (provided such explosions occurred in our Galaxy during the last
108 to 10° years). The cosmic rays are generated in sources which are rich
in heavy nuclei, but as they miagrate through interstellar space some of the
nuclei decay and light nuclei {He®, Li, Be, B, etc.) which are rarely found in
nature are produced. As a consequence, the chemical and isotopic compo-
sition of the cosmic rays varies significantly en route.

The electron component of the cosmic rays, which is rcspoensible for the
nonthermal cosmic radio emission, is only to a small extent caused by
secondary processes (formation of s* mesons with subsequent a*—->p*—>e*
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decay). Therefore, the cosmic-ray sources must also supply relativistic
electrons. The corresponding power of the sources of the electron compo-
nent is

~3.108—3. 10958
U,~3-10 3. 10 soe’ (15)

which is one or two orders of magnitude less than the power of the sources
of all the cosmic rays (cf. (13)). Accordingly, the acceleration of the
electrons does not constitute a special problem, from the point of view of
energy. At the same time, the necessity to accelerate both heavy nuclei

and electrons undoubtedly imposes additional requirements upon the sources.

As will be seen below, the acceleration mechanism of the cosmic rays at
the sources is still not definitely known. In general, the theory of the
sources and the overall understanding of the processes taking place in them
lag considerably behind our understanding of the "external problem'' (the
nature of the motion and transformations of cosmic rays outside the sources,
general ideas on the behavior and role of cosmic rays in galaxies and
supernova shells, etc.). It is especially important to note that the problem
of sources (the "internal' problem'') differs significantly from the ''external
problem, " as a result of the use of data from observations and measure-
ments. ¥ For example, we make use of data on the energy of the cosmic-
ray electron component in supernova shells, which follow directly from
measurements of the radio-emission fluxes of these shells. **

Therefore, it may be assumed that the above description of the origin of
the cosmic rays in the Galaxy corresponds to reality, as far as its main
points are concerned. However, some astrophysicists disagree with this
explanation. Some maintain that the cosmic rays observed at the earth are
primarily metagalactic in origin, that is, that they come to the earth from
metagalactic space. We consider this to be very improbable. However,
since it is impossible to rule out this possibility, and especially since cos-
mic rays outside the Galaxy are a subject of great interest, let us consider
them now.

Cosmic Rays Outside the Galaxy

The cosmic rays outside the Galaxy are concentrated, first of all, in
"normal" galaxies, radio galaxies, and quasars. Secondly, cosmic rays
are present between the galaxies as well, in intergalactic (or, as it is often
called, metagalactic) space. In the latter case let us refer to them as
metagalactic cosmic rays.

* Here we can draw an analogy with "interior” and "external" ballistics, both from the point of view of ter-
minology and with respect to the essence of the problem. Whereas external ballistics is the study of pros
jectile motion during flight, interior ballistics studies the explosion process and the motion of a shell in the
gun barrel.

** Strictly speaking, to determine the energy of all the relativistic electrons in the source, the strength of the
magnetic field there should also be known. However, the energy of the electrons will be a minimum if it
is of the same order as the energy of the field. It is usually assumed that this is the case. At any rate,
such an assumption does not lead to an exaggeration of the supply of relativistic electrons in the source,
which is especially important in our case.
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Galaxies and quasars differ from one another by the shape of the radio-
emitting regions and by the radio-emission power. To some extent, these
differences are related to the fact that the systems are in different stages
of evolution (for example, different times may have passed since the explo-
sion of a galactic nucleus). However, this is certainly not the only factor,
since great differences exist between the galaxies themselves: some are
gigantic systems with masses up to M~10% Mo~1045g (an order of magni-
tude larger than the mass of our Galaxy), and some are dwarf galaxies with
masses M~(10% to 10%) Ms. In most galaxies, as in our stellar system,
there are occasional supernova flareups. Therefore, this source of cosmic
rays must be considered here as well. It is highly improbable, however,
that the tremendous quantity of cosmic rays present in radio galaxies are
produced by this means. They were probably accelerated during the explo-
sion of the galactic nucleus. Some portion of the cosmic rays generated by
radio galaxies, other galaxies, and quasars enter metagalactic space,
where they move through the intergalactic magnetic fields (the configuration
and strength of the metagalactic field are unknown, so that the nature of the
motion of the metagalactic cosmic rays can only be assumed).

Obviously, metagalactic cosmic rays not only arrive from galaxies, *
they also penetrate into them (in particular, they may enter our Galaxy).
What, then, is the role of these metagalactic cosmic rays in observations
made at the earth? This will be the basic question of interest to us.

If we consider particles with ultrahigh energies (£ >10%ev), which are
extremely few, then there is no special problem. It is quite possible, for
example, that a considerable portion of these particles were produced in
intense radio galaxies. In such a case the energies attained will be higher
than those for the acceleration of cosmic rays in the Galaxy. In addition,
ultrahigh-energy particles are difficult to keep within the Galaxy, so that
there is even more reason to assume that these particles are collective,
that they belong to the Metagalaxy and only ''look in on'' the Galaxy for a
time. Another thing is that the quantitative aspect of the question is still
not clear. Considerable study will be necessary before cosmic rays in the
high and ultrahigh energy ranges can be divided into their metagalactic and
galactic components (here the galactic component refers to the portion of
the cosmic rays produced in the Galaxy).

The cosmic-ray spectrum drops rapidly with the energy (see Figure 4,
which is plotted on a logarithmic scale). Consequently, the cosmic-ray
energy density w. , willbe comgletely determined by the particles with com-
paratively low energies E~ 10" to 10%ev. It is just with regard to the
origin of this basic part of the cosmic rays, which determines their energy
role and their pressure, that different opinions exist.

It is quite evident that metagalactic cosmic rays would be dominant in
the Galaxy only if their concentration were high enough, practically the same
as the observed cosmic-ray concentrations at the earth. However, if we
consider all of metagalactic space, we see that such an assumption is

§ This does not mean that all the metagalactic cosmic rays must be produced in galaxies. On the contrary,
some portion of these cosmic rays may have been created during the formation of galaxies, or even some-~
what earlier (according to present-day theory, the universe is not stationary; about 9 or 10 billion years
ago the state of the universe was considerably different from that observed today, and then the galaxies had
not yet formed).
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highly unlikely. First, all the galaxies together (including radio galaxies)
are not capable of ''supplying'' so many cosmic rays that the whole Metagal-
axy would be filled with them to the required density. This has been shown
by various estimates. Therefore, the only alternative is to assume, purely
hypothetically, that the cosmic rays were accelerated very strongly du-
ing the pregalactic stage of evolution of the Metagalaxy. Secondly, various
data (especially data on the fluxes of cosmic y-rays and x-rays, see Chap-
ter 3) indicate that there are considerably fewer cosmic rays (or, more
precisely, particles of the electron component) in metagalactic space than
at the earth. Thus, the only way to "save' the metagalactic theory of
the origin of the cosmic rays near the earth is to assume that metagalactic
cosmic rays are not numerous everywhere in the Metagalaxy, but only in
the vicinity of our Galaxy and in its surroundings. This would be logically
possible, for instance, if there were a powerful radio galaxy near our Gal-
axy. Then a steady state would not be possible, and the cosmic~ray flux
would vary greatly during a time comparable to the duration of the active
phase of a radio galaxy (10° to 10® years). So far, however, there has been
no indication that this is the case, and a marked unsteady state has not been
observed in the neighbourhood of our Galaxy. For these same reasons, we
were led to assume that most of the cosmic rays in the Galaxy were pro-
duced there.

However, the problem of the metagalactic cosmic rays and their role in
the Galaxy is too fundamental to assume that the foregoing considerations
are conclusive. Thus we must not adopt a hasty solution; rather, we must
seek every new means of checking and analyzing the different possibilities.
One means which has recently been used to carry out such an analysis
consigts in taking into account specific plasma phenomena which accompany
the motion of cosmic rays through interstellar and intergalactic space (the
interstellar gas, and especially the intergalactic gas, become ionized and
produce a plasma). As they move through the plasma, particle beams gen-
erate waves of different types, and the interactions between these waves and
the cosmic rays must be allowed for.

Thus, to sum up, metagalactic cosmic rays are of exceptional interest,
even if their concentretions are comparatively small, as we have assumed.
In particular, they help us interpret the data of gamma-ray and x-ray as-
tronomy. Moreover, and this is very important in our case, it is impossible
to understand the behavior and the properties of the intergalactic medium
without taking into account cosmic-ray effects. Finally, it may be that the
intergalactic gas, the concentration of which is still unknown, is the most
massive substance in the universe (the upper limit for the mass of this gas
is about 30 times greater than the mass of all the galaxies).

The Mechanism of Cosmic~Ray Acceleration

One very important feature of the above theory of the origin of cosmic
rays is the inclusion of radio-astronomical data indicating that cosmic rays
are present in supernova shells, in the Galaxy, in ''normal'' galaxies, in
radio galaxies, and in quasars. Thus, as we have already noted, to some
extent it is possible to discuss separately the cosmic-ray sources themselves
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and the mechanism of cosmic-ray acceleration in these sources. In other
words, many conclusions are fortunately not dependent on how the particles
are accelerated to relativistic energies. However, this does not mean, of
course, that the latter problem does not deserve full attention too.

The mechanisms of particle acceleration in the sun, in the shells of
supernovae, and in other parts of the universe have by no means already
been explained satisfactorily. Nevertheless, some possible explanations
have been suggested. With one exception (acceleration in shock waves with
increasing amplitude) all known existing mechanisms for the acceleration of
charged particles in space are in some way connected with the action of the
inductive electric field which appears when a magnetic field increases.

The simplest electromagnetic
mechanism is caused by the increase

£=—L[MHJ of a uniform (or quasiuniform) mag-
- 4 netic field with time. Except at

2000% 0‘0:0'0::'0 SRR ARRAXKS .
'0:0:0:’.:.0:0'6:0’0:0,0:0:0:0:0:0.0.0, stars, however, sizeable and pro-
SRR BEELIEEIEES

longed increases of the magnetic
field are not usually encountered

f under cosmic conditions. * Accord-
a b ingly, the acceleration associated
with ''collisions'' between a particle
FIGURE 23. "Collision” between cosmic particle and moving inhomogeneities in the
and moving inhomogeneity of magnetic field. magnetic field becomes more impor-
Magnetic field in shaded region (gas cloud) mov- tant. For such collisions (Figure 23)

ing with velocity « normalto plane of the diagram

leration of the particleis caus
(outside this region there is no field): accele p icle is caused,

inthe final analysis, by the inductive
a) actual collision; b) "equivalent” collision. electric field arising when gaseous
masses with ''frozen-in'" magnetic
fields are in motion.** However,
it is not necessary to consider the actual collision process, since only the
result is important. Therefore, it will be sufficient to use the laws of
conservation of energy and momentum. (Strictly speaking, thisis justthe way
we study any other collision, for instance, when a steel ball strikes a metal
or stone plate; in this case, at the time of the actual collision the ball pen-
etrates into the plate somewhat, just asin Figure 23a.) The actual collision
(Figure 23a) will be replaced by an '"equivalent'' (from the point of view of
the final result) reflection of the particle from an impenetrable ''wall, "'
moving with the same velocity u# (Figure 23b).
It follows from the conservation laws that at the time of collision the
total energy E of the particle varies by an amount AE:

AE = —2Z (av), (16)

* When spots appear on the sun and stars, and also for so-called magnetic stars, betatron acceleration may
become very significant. The same may be the case for the hypothetical debris of supernovae, that is, for
the stars which remain after the explosion and casting off of the shell. Here, however, we are mostly
interested in other conditions (supernova shells, etc.).

** For the motion of a good conductor, such as ionized interstellar gas, there will be practically no electric
field in a frame of reference associated with the medium. If a magnetic field of intensity A exists, and
the medium moves with a velocity urelative to the frame of reference, then in this system there will be

an electric field with an intensity E = — % [#H], assuming that u <& c.
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where v is the particle velocity prior to impact, and u<c (in the calculation
we also made use of the fact that the energy of the particle is negligible in
comparison with the kinetic energy of the wall). From (16) it is evident
that, for example for ahead-oncollision between the particle and a wall mov-

2E

ing toward it, the particle energy will increase by an amount of AE="Fuv

(for a nonrelativistic particle the total energy will be E~Mc2, so that

AE~2Muy ).

Now letus assume that we have two walls moving toward one another. The
front of a magnetohydrodynamic shock wave or a gaseous mass carrying a mag-
netic field may be equivalent to such walls under cosmic conditions. A charged
particle which enters the space between the walls (Figure 24 )will be accelerated
until it leaves the system or else until the walls approach to a distance compara-
ble to the radius of curvature of the particle trajectory in the magnetic field of
the walls. Thetotalincrementinparticle energy will obviously be equalto the
energy variation for one collision times the number of collisions.
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FIGURE 24. Particle acceleration
between walls moving opposite to
one another (wall velocities # and
u').

Such will be the mechanism for the system-
atic acceleration of particles in a moving medi-
um with magnetic fields. This mechanism is
relatively effective (acceleration proportional
to u/c; for instance, for 4 =3000km/sec the
energy of a relativistic particle will double as a
result of n=c¢/2u = 50 collisions). However, this
systematic acceleration cannot continue for long;
after some time the walls will converge. There-
fore, under cosmic conditions so-called statis-
tical accelerations are generally of greater
impertance. In this case the particle undergoes
both head-on collisions and overtaking collisions
in which the particle energy decreases.
However, head-oncollisions are somewhat more
probable, so that on the average the particle
energy increases, but this increase will be
proportional to u?/c? instead of u/c. Naturally,
then the energy increases more gradually (we
recall that u/c< 1), but at the same time the
acceleration process may continue for a very
long time (the acceleration period is determined

by the time when the particle leaves the region with the moving gaseous
masses, by the duration of the violent motions in a stellar envelope, etc.).
In the case of supernova outbursts, with their subsequent shell expansion,

the details of the acceleration process are still not clear. This is under-
standable, if we take into account that very little is known about the course
of a stellar explosion and the formation of a shell. The only thing that can
be said definitely is that the shells contain all the "'ingredients'' necessary
for acceleration, at any rate during the first stages after explosion; these
ingredients are: moving gaseous masses, magnetic fields, and sufficiently

rapid particles.
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S, The last condition is related to the neces-
sity for an injection energy. Even when
acceleration mechanisms are present, the
particle may not pick up energy, due to the
preponderance of deceleration mechanisms.
One of the most important of the latter is
ionization losses: when a charged particle
moves through a medium, it loses energy

Sion as it ionizes the medium. Such losses will
also exist in a completely ionized medium:

N,
~
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My £ in this case the energy of the particle is

—é 1 i 1"

Z used up, roughly speaking, by the "'repul-

sion'' of the particles of the medium. The

FIGURE 25. Ionization-loss rate Sjpp term '"'ionization losses'' thus should not be
and rate energy growth through taken literally in this case.
acceleration S, as functions of The ionization-loss rate (losses per unit
kinetic energy of particle £y. time )Siop varies with the kinetic energy of the

particle £, as shown in Figure 25. The

losses reach a maximum when the particle
velocity v is approximately equal to the velocity v, of the electirons of the
medium in which the particle moves (the kinetic energy of the particle Ey max
at maximum loss is thus approximately Mvz/2}.

The rate S, of the energy increase caused by the action of the acceleration
mechanisms is usually a monotonically increasing function of E;. In the
simplest case this rate is just proportional to Ex, as shown in Figure 25.
The curves for S;on(Ex) and Sa(Ex) are seen to intersect at a point, which
corresponds to a certain energy E.i.. This value is known as the injection
energy; acceleration takes place only if the particle has previously obtained,
in some way or other, an energy E,>E;i. However, there is an important
exception to this rule: a particle may accelerate without injection (preac-
celeration) if the S, curve lies above the maximum of the S, curve (see
curves 1 and 3 in Figure 26). For a particle (ion) with a given charge, the
loss curves Sion(E:) become shifted to the right for higher values of the par-
ticle mass M. This is quite understandable, since the losses are a maxi-
mum for v=u,, that is, fOr E, m..=M22/2.

From this we can draw a conclusion which may be of fundamental signif-
icance with respect to the acceleration of cosmic rays. Conditions are
possible (see Figure 26) under which injection is necessary for lighter par-
ticles but not necessary for heavy particles. Under these conditions there
will be a predominant acceleration of heavy particles, so that the resulting
cosmic rays will consist mainly of heavy nuclei. Moveover, it may be
assumed that the conditions favorable for the acceleration of just heavy
nuclei are the rule, rather than the exception. Inthisway it maybe possible
to explain the fact that there are an especially large number of heavy nuclei
in cosmic rays.

It should be stressed once more that the mechanism of cosmic-~ray accel-
eration during explosions of supernovae and of galactic nuclei can by no
means be consideredto have been explained as yet; in the foregoing we have
only attempted to show how, in principle, this acceleration may take place.
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FIGURE 26. A sufficiently heavy particle may
be accelerated without injection (curves 1 and
3). For lighter particles injection (preacceler-
ation) is required (curves 1 and 2).

However, such a situation should not be
surprising, if we take into account that
an explosion of a supernova or galactic
nucleus has never been observed in
detail, and that the nature of such ex-
plosions is not known. On the other
hand, even in the case of the sun, which
is close to us, the mechanism of the
cosmic-ray acceleration has still not
been explained satisfactorily. It is
known that this acceleration takes place
primarily as a result of solar flares.

In the vicinity of a flare quite intense
magnetic fields are known to exist, the
configurations of which vary during

the flare. It appears that during a flare
the energy of the magnetic field is
converted directly into kinetic energy
of fast particles. The conditions of this

conversion (in principle, it may be some form of electromagnetic accelera-
tion) are still not known and are being studied at present. It may be that
something similar, but on a much larger scale, of course, takes place when
a supernova or galactic nucleus explodes.
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CONCLUSION

Studies of the cosmic rays throughout the universe, rather than just near
the earth, were actually begun less than 15 years ago. In the course of
these studies it was found that cosmic rays are present everywhere (except,
of course, in the denser layers of the stars and planets) and that they are
especially abundant in regions which are in a state of intensive evolution,
explosion, etc. What is more, in many cases cosmic rays are significant
dynamically and energetically. For instance, duringthe dispersion of radio-
emitting '"clouds'' in radio galaxies, in the halos of normal galaxies, and in
the shells of supernovae, the cosmic-ray pressure is, at any rate, no less
important a factor than the gravitational forces, which were previously thought
to be predominant in the universe. As recently as several years ago, the
universe was still in general thought to consist of stars, gas, and solid
bodies (planets, cosmic dust, etc.), together with electromagnetic radia-
tion. Now, however, cosmic rays must definitely be included as basic
elements of the universe.

Much has already been accomplished in the astrophysics of cosmic rays,
but there are still many problems which await solution. This also applies
to studies of the primary cosmic rays near the earth, and to studies of cos-
mic rays throughout the universe using the techniques of radio, optical,
gamma-ray, and x-ray astronomy.

There are several important factors which may be said to characterize
the present developmental stage of astronomy: complexity of approach, the
use of a variety of research methods, a remarkable refinement of the appa-
ratus, launchings of more and more sophisticated satellites, and the devel-
opment of theoretical astrophysics. All the above factors make it quite
clear that, during the next few years, a great many new things will be
learned about the cosmic rays near the earth and throughout the universe.
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